PCT 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification * : 

G01S 3/02 



Al 



(11) International 



Number: 



(43) International Publication Date: 



" WO9S/10307 

n tiaxth 199« (12.03.98) 



(21) International Application Number: PCT/US97/ 15892 

(22) International Filing Date: 8 September 1997 (08.09.97) 



(30) Priority Data: 
60/025.855 
60/044,821 
Not furnished 



9 September 1996 (09.09.96) US 
25 April 1997 (25.04.97) US 
20 August 1997 (20.08.97) US 



(71)(72) Applicants and Inventors: DUPRAY, Dennis, Jay 
(US/US1: 222 South Marion Parkway. Denver. CO 80209 
(US). KARR. Charles. L. [US/US]; 400 Sandbrook Lane. 
Tuscaloosa, AL 35405 (US). 

(74) Agents: KOVARIK, Joseph. E. et a].; Sheridan Ross. P.C.. 
Suite 3500. 1700 Lincoln Street. Denver. CO 80203-4501 
(US). 



(81) Designated States: AL. AM. AT. AU. AZ, BA. BB, BG. BR. 
BY, CA, CH, CN, CU, CZ, DE, DK, EE, ES, FI. GB, GE, 
GH, HU. ID, IL, IS, JP. KE, KG, KP, KR, KZ, LC. UC. 
LR. LS. LT. LU. LV, MD, MO, MK, MN. MW, MX, NO, 
NZ. PL, PT, RO. RU, SD. SE, SG, SI. SK, SL, TJ, TM. TR, 
TT, UA, UG. US. UZ. VN, YU, ZW, ARIPO patent (GH. 
KE, LS, MW, SD. SZ, UG, ZW), Eurasian patent (AM, AZ, 
BY, KG, KZ, MD. RU. TJ, TM), European patent (AT, BE, 
CH, DE. DK, ES. FI. FR, GB, GR, IE, IT, LU, MC, NL. 
PT. SE). OAPI patent (BF, BJ. CF. CG, CI. CM, GA, GN, 
ML, MR, NE, SN, TD, TG). 



Published 

With international search report. 

Before the expiration of the time limit for amending the 
claims and to be republished in the event of the receipt of 
amendments. 



(54) Title: LOCATION OF A MOBILE STATION 



Info 
Source 



• Modulation Channe 



1 



TRANSMIT! ER w a—v^EC 



ffVRF 



Kaojo 



Channel 
Digital Channel 



IF/RF 



EVER 



Decode 



Info Sink 



Communications Channel DeVfcltJons 



(57) Abstract 



A location system is disclosed for commercial wireless telecommunication infrastructures. The system is an end-to-end solution 
having one or more location centers for outputting requested locations of commercially available handsets or mobile stations (MS) based 
on. e.g., CDMA, AMPS, NAMPS or TDMA communication standards, for processing bom local MS location requests and more global MS 
location requests via, e.g M Internet communication between a distributed network of location centers. The system uses a plurality of MS 
locating technologies including those based on: (1) two-way TO A and TDOA; (2) pattern recognition; (3) distributed antenna provisioning; 
and (4) supplemental information from various types of very tow cost non-infrastructure base stations for communicating via a typical 
commercial wireless base station infrastructure or a public telephone switch network. 
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LOCATION OF A MOBILE STATION 

FIELD OF THE INVENTION 

The present invention is directed generally to a system and method for locating people or objects, and in particular, to a 
system and method for locating a wireless mobile station using a plurality of simultaneously activated mobile station location 
estimators. 

BACKGROUND OF THE INVENTION 

Introduction 

Wireless communications systems are becoming increasingly important worldwide. Wireless cellular telecommunications 
systems are rapidly replacing conventional wire-based telecommunications systems in many applications. Cellular radio telephone 
network f CRT"), and specialized mobile radio and mobile data radio networks are examples. The general principles of wireless 
cellular telephony have been described variously, for example in U. $. Patent 5 ,295,1 80 to Vendetti, et al, whkh is incorporated herein 
by reference. 

There is great interest in using existing infrastructures lor wireless communication systems for looting people and/or 
objects in a cost effective manner. Such a capability would be invaluable in a variety of situations, especially in emergency or crime 
situations. Due to the substantial benefits of such a location system, several attempts have been made to design and implement such 
a system. 

Systems have been proposed that rely upon signal strength and tribteralization techniques to permit location indude those 
disclosed in Ui. Patents 4,818,998 and 4,908,629 to Apsell et aL (-the Apsell patents") and 4,891,650 to Sheffer ("the Sheffer 
patent"). However, these systems have drawbacks that include high expense in that special purpose electronics are required. 
Furthermore, the systems are generally only effective in line-of-sight conditions, such as rural settings. Radio wave surface 
reflections, refractions and ground dutter cause significant distortion, in determining the location of a signal source in most 
geographical areas that are more than sparsely populated. Moreover, these drawbacks are particularly exacerbated in dense urban 
canyon (city) areas, where errors and/or conflicts in location measurements can result in substantial inaccuracies. 

Another example of a location system using time of arrival and triangulation for location are satellite-based systems, such 
as the military and commercial versions of the Global Positioning Satellite system { M GPS ff ). GPS can provide accurate position 
determination (Le, about 100 meters error for the commercial version of GPS) from a time-based signal received simultaneously 
from at least three satellites. A ground-based GPS receiver at or near the object to be located determines the difference between the 
time at which each satellite transmits a time signal and the time at which the signal is received and, based on the time differentials, 
determines the object's location. However, the GPS is impractical in many applications. The signal power levels from the satellites 
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are low and the GPS receiver requires a dear, Jine-of-sigbt path to at least three satelfites above a horizon'of about ' 6tfu%eettbr u ' 
effective operation, Accordingly, indement weather conditions, such as clouds, terrain features, such as hills and trees, and buildings 
restrict the ability of the GPS receiver to determine its position. Furthermore, the initial GPS signal detection process for a GPS 
receiver is relatively long (Le, several minutes) for determining the receiver's position. Such delays are unacceptable in many 
applications such as, for example, emergency response and vehicle tracking. 

Differential GPS, or DGPS systems offer correction schemes to account for time synchronization drift Such correction 
schemes include the transmission of correction signals over a two-way radio Gnk or broadcast via FH radio station sobcarrien. These 
systems have been found to be awkward and lave met with limited 

Additionally, GPS-based location systems have been attempted in which the received GPS signals are transmitted to a 
central data center for performing location calculations. Such systems have also met with limited success. In brief, each of the 
various GPS embodiments have the same fundamental problems of limited reception of the satellite signals and added expense and 
complexity of the electronics required for an inexpensive location mobile station or handset for detecting and receiving the GPS 
signals from the satelfites. 

Radio Propagation Background 

The behavior of a mobile radio signal in the general environment is unique and complicated. Efforts to perform 
correlations between radio signals and distance between a base station and a mobile station are similarly complex. Repeated attempts 
to solve thu problem in the past have been met with only marginal success. Factors include terrain undulations, fixed and variable 
clutter, atmospheric conditions, internal radio characteristics of cellular and PCS systems, such as frequencies, antenna 
configurations, modulation schemes, diversity methods, and the physical geometries of direct, refracted and reflected waves between 
the base stations and the mobile. Noise, such as man-made externally sources (e^ n auto ignitions) and radio system co-channel and 
adjacent channel interference also affect radio reception and related performance measurements, such as the analog camer-to- 
interference ratio (C/l). or digital energy-per-bit/Noise density ratio (E^ and are particular to various points in time and space 
domains. 

Rf Propagation in Free Space 

Before discussing real world correlations between signals and distana, it is useful to review the theoretical premise, that of 
radio energy path loss across a pure isotropic vacuum propagation channel, and its dependencies within and among various 
communications channel types. Fig. I illiistatesadefinitmnofchani^ 

Over the last forty yean various mathematical expressions have been developed to assist the radio mobile cell designer in establishing 
the proper balance between base station capital investment and the quality of the radio link, typically using radio energy field- 
strength, usually measured in microvolts/meter, or decibels. 
First consider Hata's single ray model. A simplified radio channel can be described as: 
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nv'im met. tat** *i**.n.t.>T - . . , . .(^.T3i.'Lp-«+!F,'^h.lf +;l m , .+*l^i-.G^ uvk: •***r rt -* 4 . .• v u . .„ (Equation 1 f)' 7 -'^ K nr. u^rA. 

where 6j = system gain in decibels 

L p = free space path loss in dB 9 
5 F = fade margin in dB, 

Li = transmission line bss from coaxiab toed to connea radio to antenna, in dB, 

U= miscelhneous losses such as minor antenna misalignment, coaxal corrosion, increase in the receiver noise figure due 
to aging, in dB, 

L fc = branching bss doe to filter and circulator used to combine or split transmitter and receiver signals in a single 
10 antenna 

G t = gain of transmitting antenna 
G r = gain of receiving antenna 

Free space path loss 1 as discussed in Hobile knaramkatiom feign Fundamentals Wfflum C T. Lee, 2nd, Ed across the propagation channel 
15 is a function of distanced, frequency 

r (for f values < I GHz, such as the 890-950 mHz cellular band): 

P„ 1 



20 where P or - received power in free space 

h = transmitting power 
c = speed of light, 



25 The difference between two received signal powers in free space, 

A,=(lO)log(^-) = (20)lo8[|Lj W 



(equation 3) 
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indicates that the free propagation path toss is 2NB per decadt f requenries between I GHz and 2GHz eiperience'inoiiM'd nSMm 
the exponent, ranging from 2 to 4, or 20 to 40 dB/decade, which would be predicted for the new PCS 1.8 - 1.9 GHz band. 



5 Thii suggests that the free propagation path loss is 20 dB per decade. However, frequencies between I GHz and 2 GHz experience 
increased values in the exponent, ranging from 2 to 4, or 20 to 40 dB/decade, which would be predicted for the new PCS 1.8 -1.9 GHz 
band. One consequence from a location perspective b that the effective range of values for higher exponents is an increased at higher 
frequencies, thus providing unproved granularity of ranging correlation. 

Environmental Clutter and Rf Propagation Effects 



10 Actual data collected in real-world environments uncovered huge variations with respect to the free space path loss 

equation, giving rise to the creation of many empirical formulas for radio signal coverage prediction. Clutter, either fixed or 
stationary in geometric relation to the propagation of the radio signals, causes a shadow effect of blocking that perturbs the free 
space loss effect Perhaps the best known model set that characterizes the average path bss is Hata's, "Empirical Formula for 
Propagation loss in Land Mobile Radio*, It Hata, IEEE Transactions YT-29, pp. 317-325, August 1980, three pathbss models, based 

15 on Okumura's measurements in and around Tokyo, Tield Strength and its Variability in VHF and UHF land Hobile Service", Y. 
Okumoia, et al, Review of the Electrical Communications laboratoy, Vol 16, pp 825-873, Sept. - Oct. 1968. 

The typical urban Hata model for L, was defined as L, = l^ 

20 

L Htt = 69.55+26.16log</)- 13.821og(^)-a<^ 

(Equation 4) 

where Miu = path loss, Hata urban 
25 h BS = base station antenna height 

h HS = mobile station antenna height 
d = distance BS-HS in km 



30 



a ( h MS ) is a correction factor for small and medium sized cities, found to be: 
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For large cities the correction factor was found to be: 



(Equation 5) 



*< h MS> = 3.2 [log 11^^] 2 -4.97 



assuming f is equal to or greater than 400 mHz. 



(Equation 6) 



The typical suburban model correction was found to be: 



(Equation 7) 



The typical rural model modified the urban formula differently, as seen below: 



L Hm»i = L Hu - 4.78 (logf) 2 + 18.33Iogf- 40.94 [dB] 



20 



(Equation 8) 



Although the Hata model was found to be useful for generalized RF wave prediction in frequencies under I GHz in certain 
suburban and rural settings, as either the frequency and/br clutter increased, predictability decreased. In current practice, however, 
field technicians often have to make a guess for dense urban an suburban areas (applying whatever model seems best), then 
installing a base stations and begin taking manual measurements. Coverage problems can take up to a year to resolve. 

Relating Received Signal Strength to location 

Having previously established a relationship between d and P w reference equation 2 above: d represents the distance 
between the mobile station (MS) and the base station (BS); P„ represents the received power in free space) for a given set of 
unchanging environmental conditions, it nay be possible to dynamically measure P„ and then determine d. 

In 1991, Ui. Patent 5,055,851 to Sheffer taught that if three or more relationships have been established in a triangular 
space of three or more base stations (BSs) with a location database constructed having data related to possible mobile station (MS) 
locations, then arcubtion calculations may be performed, which use three distinct P„ measurements to determine an X,Y, two 
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^i&^,w^ tli r - u dimensional location, which an then be projected onto an area map: The translation calculation is ba$M^n^he Tadf tH^t'the' 1 u A13 
approximate distance of the mobile station (US) from any base station (BS) all can be calculated based on the received signal 
strength. Sheffer acknowledges that terrain variations affect accuracy, although as noted above, Sheffert disclosure does not account 
for a sufficient number of variables, such as fixed and variable location shadow fading, which are typical in dense urban areas with 
5 moving traffic 

Host field research before about 1988 has focused on characterizing (with the objective of ftf coverage prediction) the RF 
propagation channel (L&, electromagnetic radio waves) using a single-ray model, although standard fit errors in regressions proved 
dismal (eg., 40-80 dB). Later, multi-ray models were proposed, and much later, certain behaviors were studied with radio and 
digital channels. In 1981, Vogler proposed that radio waves at higher frequencies could be modeled using optics principles. In 1988 
10 WaKisch and Bertoni applied optical methods to develop a two-ray model, which when compared to certain highly specific, controlled 
field data, provided extremely good regression fit standard errors of within 12 dB. 

In the Bertoni two ray model it was assumed that most cities would consist of a core of high-rise buildings surrounded by a 
much larger area having buildings of uniform height spread over regions comprising many square blocks, with street grids organizing 
buildings into rows that are nearly parallel. Rays penetrating buildings then emanating outside a building were neglected. Fig. 2 
1 5 provides a basis for the variables. 

After a lengthy analysis it was concluded that path loss was a function of three factors: (I) the path loss between antennas 
in free space; (2) the reduction of rooftop wave fields due to settling; and (3) the effect of diffraction of the rooftop fields down to 
ground level. The last two factors were summarily termed g§ ven ^ 



L 17// . 



(Equation 9) 



20 L„ s 57.1 + ^ + Iog(/) + /2-((I8log(i/))-18!og 

The influence of building geometry is contained in A: 

- Slog [( ^) 2 ] - 91ogd + 20 log { tan [2 ( h - H^) ] ~ J } 

25 (Equation 10) 

However, a substantial difficulty with the two-ray model in practice is that it requires a substantial amount of data 
regarding building dimensions, geometries, street widths, antenna gain characteristics for every possible ray path, etc Additionally, 
it requires an inordinate amount of computational resources and such a model is not easily updated or maintained. 

Unfortunately, in practice clutter geometries ami building heights are random. Moreover, data of sufficient detail has been 
30 extremely difficult to acquire, and regression standard fit errors are poor, le^ in the general case, these errors were found to be 40- 
60 dB. Thus the two-ray model approach, although sometimes providing an improvement over single ray techniques, still did not 
predict RF signal characteristics in the general case to level of accuracy desired (< I 
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m -Work by. Greenstein has since devebped froro.tbe penpecove.ol measurement-based regressbn iwdeb, as opfwsedio tiie j; 
previous approach of predtcting-first, then performing measurement comparisons. Apparently yielding to the fact that low-power, 
low antenna (e^ 12-25 feet above pound) height PC mkroall coverage was insufficient in urban buildings, Greenstein, et al, 
authored "Performance Evaluation! for Urban Une-of-sight Mkrocelb Using a Multway Propagation Model", in IEEE Gbbecom 
Proceedings, 12/91- This paper proposed the idea of formulating regressions based on field measurements using small PCS microcells 
in a lineal mkrocell geometry (u* geometries in which there is always a line-of-sight (10$) path between a subscriber's mobile and 
its current microshe). 

Additionally, Greenstein studied the communication channels variable Bit-Error-Rate (BER) in a spatial domain, which was 
a departure from previous research that limited field measurements to the Rf propagation channel signal strength alone. However, 
Greenstein based bis finding on two suspicious assumptions: I) he assumed that distance correlation estimates were identical for 
uplink and downlink transmission paths; and 2) modulation techniques would be transparent in terms of improved distance 
correlation conclusions. Although some data held very correlations, other data and environments produced poor results. Accordingly, 
his results appear unreliable for use in general location context 

In 1 993 Greenstein, et al, authored W A Measurement-Based Model for Predicting Coverage Areas of Urban Microcells", in 
the IEEE Journal On Selected Areas in Communications, Vol. 1 1, Ho. 7, 9/93. Greenstein reported a generic measurement-based model 
of Rf attenuation in terms of constant-value contours surrounding a given low-power, low antenna mkrocell environment in a dense, 
rectilinear neighborhood, such as New York Gty. However, these contours were for the cellular frequency band. In this case, LOS and 
non-LOS clutter were considered for a given microcell site. A result of this analysis was that Rf propagatron losses (or attenuations), 
when cell antenna heights were relatively low, provided attenuation contours resembling a spline plane curve depicted as an asteroid, 
aligned with major street grid patterns, further, Greenstein found that convex diamond-shaped Rf propagation loss contours were a 
common occurrence in field measurements in a rectilinear urban area. The special plane curve asteroid is represented by the formula 
x w + y M = r M . However, these results alone have not been sufficiently robust and general to accurately locate an MS, due to the 
variable nature of urban clutter spatial arrangements. 

At Telesis Technology in 1994 Howard Xia, et al, authored "Microcellular Propagation Characteristics for Personal 
Cbmmunkatwns in Urban and Suburban Environments", in IEEE Transactions of Vehicular Technology, Vol. 43, No. 3, 8/94, which 
performed measurements specifically in the PCS 1.8 to 1.9 GHz frequency band. Xia found corresponding but more variable outcome 
results in San f ranrisco, Oakland (urban) and the Sunset and Mission Districts (suburban). 

Summary of Factors Affecting Rf Propagation 

The physical radio propagation channel perturbs signal strength, frequency (causing rate changes, phase delay, signal to 
noise ratios (e.g, C/l for the analog case, or E m , Rf energy per bit. over average noise density ratio for the digital case) and 
Doppkr-shKt Signal strength is usually characterized by: 

■free Space Path Loss (y 
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- fast fading bss or margin (l^ 

Loss due to slow fading indodes shadowing due to dutter blockage (sometimes induded in Lp). Fast fading is composed of 
multipart reflections which cause: I) delay spread; 2) random phase shift or Rayteigh fading; and 3) random frequency modulation 
5 due to different Ooppler shifts on different paths. 

Summing the path bss and the two fading margin bss components from the above yields a total path bss of; 



Referring to Fig. 3. the figure illustrates key components of a typical cellular and PCS power budget design process. The cell designer 
10 increases the transmitted power P n by the dladow bding norgin wfaidi b usoaliy chosen to be withia the l-2perantile of the 
stow fading probability density function (PDF) to minimize the probability of unsatisfactorily few received power level P n at the 
receiver. The P u level must have enough signal to noise energy level (e.g n lOdB) to overcome the receiver's internal noise level (e*, 
-I I BdBm in the case of cellular 0.9 GHz), for a minimum voice quality standard. Thus in the example P M must never be bebw -108 
dBm, in order to maintain the quality standard. 
15 Additionally the short term fast signal fading due to mnltipath propagation is taken into account by deploying fast fading 

margin L^, which is typically abo chosen to be a few percentiles of the fast fading distribution. The I to 2 percentiles compliment 
otter network bbckage guidelines. For example the all base station traffic loading capacity and network transport facilities are 
usually designed fora 1-2 percentile bbckage factor as welL However.in the worn-case scenario both fading margins are 
simultaneously exceeded, thus causing a fading margin overbad. 
20 In Roy , Steele's, text. Mobile Radio Communications, IEEE Press, 1992, estimates for a GSM system operating in the 1.8 

GHz band with a transmitter antenna height of 6.4m and an MS receiver antenna height of 2m, and assumptions regarding total 
path bss, transmitter power would be calculated as follows: 
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Table I: GSH Power Budget Example 



Parameter 


dBm value 


Will require 


•slow 


14 




tfat 


7 




u path 


110 




Nin.RXpwr required 


-104 








TXpwr = 27 dBm 



5 

Steele's sample size in a specific urban London area of 80,000 LOS measurements and data reduction found a slow fading variance of 
G= 7dB 

10 assuming lognormal slow fading PDF and allowing for a 1.4% slow fading margin overload, thus 

slow = 2a = 14dB 
The fast fading margin was determined to be: 

In contrast, Xia's measurements in urban and suburban CaGfomia at li GHz uncovered flat-land shadow fades 
on the order of 25-30 dB when the mobile station (HS) receiver was traveling from LOS to non-LOS geometries. In hilly terrain fades 
of + 5 to -50 dB were experienced. Thus it is evident that attempts to correlate signal strength with HS ranging distance suggest that 
error ranges could not be expected to improve below 14 dB, with a high side of 25 to SO dB. Based on 20 to 40 dB per decad^ 
20 Corresponding error ranges for the distance variable would then be on the order of 900 feet to several thousand feet, depending upon 
the particular environmental topology and the transmitter and receiver geometries. 
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SUMMARY OF THE INVENTION 



OBJECTS Of THE INVENTION 

hban objective of the present iweiitbn to (wvideajyaem 
accurately locating people and/or objects in a cost effective manner. Additionally, it is an objective of the present invention to provide 
such bcation capabilities using the measurements from wireless signals communicated between mobile stations and a network of base 
stations, wherein the same communication standard or protocol is utifiied for bcation as is used by the network of base stations for 
providing wireless communications with mobile stations for other purposes such as vow communication and/or visual 
communication (such as text paging, graphical or video romniunications). Related objectives for the present invention include 
providing a system and method that 

(I J) can be readily incorporated into existing commercial wireless telephony systems with few, if any, modifications of a typical 
telephony wireless infrastructure; 

(12) can use the native electronics of typical commercially available telephony wireless mobile stations (e.g, handsets) as 
location devices; 

(13) can be used foreffectively locating people and/or objects wherein there are few (if any) line-of-sight wireless receivers for 
receiving location signals from a mobile station (herein also denoted MS); 

(1.4) can be used not only for decreasing location determining difficulties due to multipath phenomena but in fact uses such 
muftipath for providing more accurate location estimates; 

(I J) can be used for integrating a wide variety of bcation techniques in a straight-forward manner; and 

(11) ™ substantially automati^^ 

and/or terrain of a geographical area where the present invention is utilized. 

Yet another objective is to provide a bw cost bcatbn system and method, adaptable to wireless telephony systems, for 
using simultaneously a plurality of bcation techniques for synergistic^ increasing MS bcatbn accuracy and consistency. In 
particufar, at least some of the following MS bcatbn techniques can be utilized by various embodiments of the present invention: 
(2.1) time-of-arrival wireless signal processing techniques; 

(12) ttrne-difference-of-arrival wireless signal processing tKfaniqi»s; 

(13) adaptive wirebss signal processing techniques having, for example, learning capabilities and including, for instance, 
artificial neural net and genetic algorithm processing; 

(14) signal processing techniques for matching MS bcatbn signals with wirebss signal characteristics of known areas; 

(15) conflict resolution techniques for resolving conffas in hypotheses for MS location estimates; 

(16) enhancement of MS bcatbn estimates through the use of both heuristics and historical data associating MS wirebss signal 
characteristics with known bcations and/or environmental conditions. 
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Yet another olqec^ b to provide bcatioii estimatts in tenm of time vectors, whkh can be used to estab&tf itidtidn:" 
speed, and an extrapolated next location in cases where the US signal subsequently becomes unavailable. 



DEFINITIONS 

The following definitions are provided for convenience. In general, the definitions here are also defined elsewhere in this 
document as well. 

(3.1) The term "wireless" herein is, in general, an abbreviation for "digital wireless", and in panicular, "wirejes? refen to 
digital radio signaling using one of standard digital protocols such as CDMA, NWP$7AHP$,TDH*ano^M I as one skilled in the art- 
will understand. ■ 

(J J) As used herein, the term "mobile station" (equivalent^. MS) refers to a wireless device that b at feast a transmitting 
device, and in most cases is abo a wireless receiving device, such as a portable radio telephony handset Note that in some contexts 
herein instead or in addition to MS, the following terms are abo used: "personal station" (PS), and "location unit" (LU). In general, 
these terms may be considered synonymous. However, the later two terms may be used when referring to reduced functionality 
communication devices in comparison to a typical digital wireless mobile telephone. 

(33) The term, "infrastructure", denotes the networfcof telephony communication services, and more particularly, that portion 
of such a network that receives and processes wireless communications with wireless mobile stations. In particular, th» infrastructure 
includes telephony wireless base stations (BS) such as those for radio mobile communication systems based on CDMA. AMPS, NAMPS, 
TDMA, and GSM wherein the base stations provide a network of cooperative communication channels with an air interface with the 
MS, and a conventional telecommunications interface with a Mobile Switch Center (MSC). Thus, an MS user within an area serviced by 
the base stations may be provided with wireless communication throughout the area by user transparent communication transfers 
(Lt, "handoffs") between the user's MS and these base stations in order to maintain effective telephony service. The mobile switch 
center (MSC) provides communications and control connectivity among base stations and the public telephone network. 
(3.4) The phrase, "composite wireless signal characteristic values" denotes the result of aggregating and filtering a collection of 
measurements of wireless signal samples, wherein these samples are obtained from the wireless communication between an MS to be 
located and the base station infrastructure (tg., a plurality of networked base stations). However, other phrases are abo used herein 
to denote this collection of Arivedctaracttristkvaliiei depending on tliecBn^ the likely orientation of the reader, for 
example, when viewing these values from a wireless signal processing perspective of radio engineering, as in the descriptions of the 
subsequent Detailed Description sections concerned with the aspects ol the present invention for receiving MS signal measurements 
from the base station infrastructure, the phrase typically used is: "Rf signal measurements". Alternatively, from a data processing 
perspective, the phrases: "location signature duster" and "location signal data" are used to describe signal characteristic values 
between the MS and the plurality of infrastructure base stations substantially simultaneously detecting MS transmbsions. Moreover, 
since the location communications between an MS and the base station infrastructure typically include simultaneous communications 
with more than one base station, a related useful notion b that ol a "location signature" which is the composite wireless signal 
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udiaiaaeristfevalutt for signal samples between anJBlo be located and a single base statfefc' AIS;i^^ 
"signal characteristic values" or "signal characteristic data" are used when either or both a location signature(s) and/or a location 
signature duster(s) are intended. 



SUMMARY DISCUSSION 

The present invention relates to a wireless mobile station location system. In particular, such a wireless mobile station 
location system may be decomposed into: (i) a first low level wireless signal processing subsystem for receiving, organizing and 
conditioning low level wireless signal measurements from a network of base stations cooperatively linked for providing wireless 
communications with mobile stations (MS$); and (fi) a second high level signal processing subsystem for performing high level data 
processing for providing most likelihood location estimates for mobile stations. 

More precisely, the present invention is a novel signal processor that includes at least the f unctionality for the high signal 
processing subsystem mentioned hereinabove. Accordingly, assuming an appropriate ensemble of wireless signal measurements 
characterizing the wireless signal communications between a particular MS and a networked wireless base station infrastructure have 
been received and appropriately filtered of noise and transitory values (such as by an embodiment of the low level signal processing 
subsystem disclosed in a copending PCT patent application titled, "Wireless location Using A Plurality of Commercial Network 
Infrastructures," by F. W. LeBbnc, and the present applbnt(s); this copending patent application being herein incorporated by 
reference), the present invention uses the output from such a low level signal processing system for determining a most likely location 
estimate of an MS. 

That is, once the following steps are appropriately performed (e.g., by the LeBbnc copending application): 
(4.1) receiving signal (fata measurements corresponding to wireless communications between an MS to be located 
(herein also denoted the "target MS") and a wireless telephony infrastructure; 

(42) organizing and processing the signal data measurements received from a given target MS and surrounding BSs so 
that composite wireless signal characteristic values may be obtained from which target MS location estimates may 
be subsequently derived. In particular, the signal data measurements are ensembles of samples from the wireless 
signals received from the target MS by the base station infrastructure, wherein these samples are subsequently 
filtered using analog and digital spectral filtering. 

the present invention accomplishes the objectives mentioned above by the following steps: 

(43) providing the composite signal characteristic values to one or more MS location hypothesizing computational 
models (also denoted herein as "first order models" and also "location estimating models"), wherein each such 
model subsequently determines one or more initial estimates of the location of the target MS based on. for 
example, the signal processing techniques II through 23 above. Moreover, each of the models output MS location 
estimates having substantially identical data structures (each such data structure denoted a "location 
hypothesis"). Additionally, each location hypothesis may also includes a confidence value indicting the likelihood 
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target MS; 

(4.4) adjusting or modifying location hypotheses output by the models according to, for example, 2.4 through 2i above 
so that the adjusted location hypotheses provide better target MS location estimates. In particular, such 
adjustments are performed on both the target MS location estimates of the location hypotheses as well as their 
corresponding confidences; and 

(4.4) subsequently computing a "most Dkefy" target MS location estimate for outputting to a location requesting 
application sudi as 91 1 emergency, the fire or police departments, taxi services, etc Note that in computing the 
most likely target NS location estimate a plurality of location hypotheses may be taken into account In fact, it is 
an important aspect of the present invention that the most likely MS location estimate is determined by 
computationally forming a composite MS location estimate utifizing such a plurality of location hypotheses so that, 
for example, location estimate similarities between location hypotheses can be effectively utilized. 

Referring now to (4J) above, the filtered and aggregated wireless signal characteristic values are provided to a number of 
location hypothesizing models (denoted fira Order Models, or FOMs), each of which yields a location estimate or location hypothesis 
related to the location of die target MS. In particular, there are location hypotheses for both providing estimates of where the target 
MS likely to be and where the target MS is not likely to be. Moreover, it is an aspect of the present invention that confidence values of 
the location hypotheses are provided as a continuous range of real numbers from, e.g, -I to I, wherein the most unlikely areas for 
locating the target MS are given a confidence value of -I, and the most likely areas for locating the target MS are given a confidence 
value of I. That is, confidence values that are larger indicate a higher likelihood that the target MS is in the corresponding MS 
estimated area, wherein I indicates that the target MS is absolutely NOT in the estimated area, 0 indicates a substantially neutral or 
unknown likelihood of the target MS being in the corresponding estimated area, and I ind icates that the target MS is absolutely 
within the corresponding estimated area. 

Referring to (4.4) above, it is an aspect of the present invention to provide location hypothesis enhancing and evaluation 
techniques that can adjust target MS location estimates according to historical MS location data and/or adjust the confidence values 
of location hypotheses according to how consistent the corresponding target MS location estimate is: (a) with historical MS signal 
characteristic values, (b) with various physical constraints, and (c) with various heuristics. In particular, the following capabilities 
are provided by the present invention: 

(5.1) a capability lor enhancing the accuracy of an initial location hypothesis. H, generated by a first order model, FOM„, 
by using H as, essentially, a query or index into an historical data base (denoted herein as the location signature 
data base), wherein this data base includes: (a) a plurality of previously obtained location signature clusters (Le„ 
composite wireless signal characteristic values) such that for each such cluster there is an associated actual or 
verified MS locations where an MS communicated with the base station infrastructure for locating the MS, and (b) 
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a*. iw^,.i a -^4p^ BJ -Hibcatbn hypothesis estimated FOM^ ^ 
according to (a); 

(Si) a capability for analyzing composite signal characteristic values of wireless communications between die target MS 
and the base station infrastructure, wherein such values are compared with composite signal characteristics values 
of known MS locations (these latter values being archived in the location signature data base). In one instance, the 
composite signal characteristic values used to generate various location hypotheses for the target US are compared 
against wireless signal data of known HS locations stored in the location signature data base for determining the 
reliability of the location b/potfaesizing modeb for partioibr geographic areas and/or environmental condrtioiis; 
(S3) a capability for reasoning about the likeliness of a location hypothesis wherein this reasoning capability uses 

heuristics and constraints based on physics and physical properties of the location geography; 
(5.4) an hypothesis generating capability for generating new location hypotheses from previous hypotheses. 
As also mentioned above in (23), the present invention utilizes adaptive signal processing techniques. One particularly 
important utilization of such techniques includes the automatic tuning of the present invention so that, e.g., such tuning can be 
applied to adjusting the values of location processing system parameters that affect the processing performed by the present 
invention, for example, such system parameters as those used for determining the size of a geographical area to be specified when 
retrieving location signal data of known HS locations from the historical (location signature) data base an substantially affect the 
location processing. In particular, a system parameter specifying a minimum size for such a geographical area may, if too large, 
cause unnecessary inaccuracies in locating an HS. Accordingly, to accomplish a tuning of such system parameters, an adaptation 
engine is included in the present invention for automatically adjusting or tuning parameters used by the present invention. Note that 
in one embodiment, the adaptation engine is based on genetic algorithm techniques. 

A novel aspect of the present invention relies on the discovery that in many areas where HS location services are desired, 
the wireless signal measurements obtained from communications between the target HS and the base station infrastructure are 
extensive enough to provide sufficiently unique or peculiar values so that the pattern of values alone may identify the location of the 
target HS. further, assuming a sufficient amount of soch location identifying pattern information is captured in the composite 
wireless signal characteristic values for a target HS, and that there is a technique for matching such wireless signal patterns to 
geographical locations, then a f OH based on this technique may generate a reasonably accurate target HS location estimate. 
Horeover, if the present invention (e*, the location signature data base) las captured sufficient wireless signal data from location 
communications between HSs and the base station inf restructure wherein the locations of the HSs are also verified and captured, then 
this captured data (e.g„ location signatures) can be used to train or calibrate such models to associate the location of a target HS 
with the distinctive signal characteristics between the target HS and one or more base stations. Accordingly, the present invention 
indudes one or more FOHs that may be generally denoted as classification models wherein such FOHs are trained or calibrated to 
associate particular composite wireless signal characteristic values with a geographical location where a target HS could likely 
generate the wireless signal samples from which the composite wireless signal characteristic values are derived. Further, the present 
invention includes the capability for training (calibrating) and retraining (recalibrating) such classification FOHs to automatically 
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construction of a new high rise building or seasonal variations (due to, for example, foliage variations). 

Note that such classification FOMs that are trained or calibrated to identify target MS locations by the wireless signal 
patterns produced constitute a particularly novel aspect of the present invention. It is well known in the wireless telephony art that 
3 the phenomenon of signal multipath and shadow fading renders most analytical location computational techniques such as time-of- 
arrival (TOA) or time^ifference-of-arrival (TDOA) substantially useless in urban areas and particularly in dense urban areas. 
However, this same multipath phenomenon also may produce substantially distinct or peculiar signal measurement patterns, wherein 
such a pattern coincides with a relatively small geographical area. Thus, the present invention utilizes multipath as an advantage for 
increasing accuracy where for previous location systems multipath has been a source of substantial inaccuracies. Moreover, it is 

10 worthwhile to note that the utilization of classification FOHs in high multipath environments is especially advantageous in that high 
multipath environments are typically densely populated. Thus, since such environments are also capable of yielding a greater density 
of MS location signal data from MSs whose actual locations can be obtained, there can be a substantial amount of training or 
calibration data captured by the present invention for training or calibrating such classification f OMs and for progressively improving 
the MS location accuracy of such models. Moreover, since it is also a related aspect of the present invention to include a plurality 

1 5 stationary, tow cost, low power "location detection base stations" (LBS), each having both restricted range MS detection capabilities 
and a built-in MS, a grid of such IBSs can be utilized for providing location signal data (from the built-in MS) for (re)training or 
(re)calibrating such classification FOHs. 

In one embodiment of the present invention, one or more classification FOMs may each include a learning module such as 
an artificial neural network (ANN) for associating target MS location signal data with a target MS location estimate. Additionally, 

20 one or more classification FOMs may be statistical prediction models based on such statistical techniques as, for example, principle 
decomposition, partral least squares, or other regression techniques. * 

It is a further aspect of the present invention that the personal communication system (PO) infrastructures currently 
being developed by telecommunication providers offer an appropriate localized infrastructure base upon which to build various 
personal location systems (PIS) employing the present invention and/or utilizing the techniques disclosed herein. In partkufc, tK i 

25 present Invention is especially suitable for the location of people and/br objects using code division multiple access (CDMA) wireless " 
infrastructures, although other wirehss infrastructures, such as, time diraion multiple access (TDMA) infrastructures and GSM are ~ 
also contemplated. Note that CDMA personal communications systems are described in the Telephone Industries Association standard 
IS-9S, for frequencies below I GHz, and in the Wideband Spread- Spectrum Digital Cellular System Dual-Mode Mobile Station-Base 
Station Compatibility Standard, for frequencies in the 1.8-1.9 GHz frequency bands, both of which are incorporated herein by 

30 reference. Furthermore, CDMA general principles have also been described, for example, in U. S. Patent 5,109390, to Gilhausen, et al, 
and CDMA Network Engineering Handbook by Qualcomm, Inc., each of which is also incorporated herein by reference. 

Notwithstanding the above mentioned CDMA references, a brief introduction of CDMA is given here. Briefly, CDMA is an 
electromagnetic signal modulation and multiple access scheme based on spread spectrum communication. Each CDMA signal 
corresponds to an unambiguous pseudorandom binary sequence for modulating the carrier signal throughout a predetermined 
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waveform. In particular, the CDMA signals are separately detected in a receiver by using a correlator, which accepts only signal 
energy from the selected binary sequence and despreads its spectrum. Thus, when a first CDMA signal is transmitted, the 
transmissions of unrelated CDMA signals correspond to pseudorandom sequences that do not match the first signal. Therefore, these 
other signals contribute only to the noise and represent a self-interference generated by the personal communications system. 

As mentioned in (1.7) and in the discussion of classification FOHs above, the present invention can substantially 
automatically retrain and/or recalibrate itself to compensate for variations in wireless signal characteristics (e.g„ multipath) due to 
environmental and/or topographic changes to a geographic area serviced by the present invention, for example, in one embodiment, 
the present invention optionally includes low cost, low power base stations, denoted location base stations (IBS) above, providing, for 
example, CDMA pilot channels to a very limited area about each such LBS. The location base stations may provide limited voice traffic 
capabilities, but each is capable of gathering sufficient wireless signal characteristics from an MS within the location base station's 
range to facilitate beating the MS. Thus, by positioning the location base stations at known locations in a geographic region such as, 
for instance, on street lamp poles and road signs, additional MS location accuracy an be obtained. That is, due to the kw power 
signal output by such location base stations, for there to be signaling control communication (e.g„ pilot signaling and other control 
signals) between a location base station and a target MS. the MS must be relatively near the location base station. Additionally, for 
each location base station not in communication with the target MS, it is likely that the MS is not near to this location base station. 
Thus, by utilizing information received from both location base stations in communication with the target MS and those that are not 
in communication with the target MS, the present invention can substantially narrow the possible geographic areas within which the 
target MS is likely to be. Further, by providing each location base station (LBS) with a co-located stationary wireless transceiver 
(denoted a built-in MS above) having similar functionality to an MS, the following advantages are provided: 
(6.1) assuming that the co-heated base station capabilities and the stationary transceiver of an LBS are such that the base 
station capabilities and the stationary transceiver communicate with one another, the stationary transceiver can be signaled by 
another components) of the present invention to activate or deactivate hs associated base station capability, thereby conserving 
power for the LBS that operate on a restricted power such as solar electrical power. 

(62) the stationary transceiver of an LBS can be used for transferring target MS location information obtained by the LBS to a 
conventional telephony base station; 

(o J) since the location ol each LBS is known and can be used in location processing, the present invention is able to (re)train 
and/or (re)caiibrate itself in geographical areas having such LBSs. That is, by activating each LBS stationary transceiver so that there 
is signal communication between the stationary transceiver and surrounding base stations within range, wireless signal characteristic 
values for the location of the stationary transceiver are obtained for each such base station. Accordingly, such characteristic values 
can then be associated with the known location of the stationary transceiver for training and/or calibrating various of the location 
processing modules of the present invention such as the classification FOHs discussed above. In particular, such training and/or 
calibrating may include: 

(i) (re)train'mg and/or (re)calibrating FOHs; 
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the generating FON is in estimating the location of the stationary transceiver using data obtained from wireless signal characteristic 
of signals between the stationary transceiver and base stations with which the stationary transceiver is capable of communicating; 

(iii) automatically updating the previously mentioned historical data base (It, the location signature 
data base), wherein the stored signal characteristic data for each stationary transceiver can be used for detecting environmental 
and/or topographical changes (e^ a newly built high rise or other structures capable of altering the multipart characteristics of a 
given geographical area); and 

(iv) tuning of the location system parameters, wherein the steps oh (a) modifying various system 
parameters and (b) testing the performance of the modified location system on verified mobile station location data (including the 
stationary transceiver signal characteristic data), these steps being interleaved and repeatedly performed for obtaining better system 
location accuracy within useful time constraints. 

It is also an aspect of the present invention to automatically (re)calibrate as in (63) above with signal characteristics from 
other known or verified locations. In one embodiment of the present invention, portable location verifying electronics are provided so 
that when such electronics are sufficiently near a located target MS, the electronics: (I) detect the proximity of the target US; (ii) 
determine a highly reliable measurement of the location of the target HS; (iii) provide this measurement to other location 
determining components of the present invention so that the location measurement can be associated and archived with related 
signal characteristic data received from the target MS at the location where the location measurement is performed. Thus, the use of 
such portable location verifying electronics allows the present invention to capture and utilize signal characteristic data from verified, 
substantially random locations for location system calibration as in (63) above. Moreover, it is important to note that such location 
verifying electronics can verify locations automatically wherein k is unnecessary for manual activation of a location verifying process. 

One embodiment of the present invention includes the location verifying electronic as a "mobile (location) base station* 
(MBS) that can be, for example, incorporated into a vehicle, such as an ambulance, police car, or taxi. Such a vehide can travel to 
sites having a transmitting target MS, wherein such sites may be randomly bated and the signal characteristic data from the 
transmitting target MS at such a location an consequently be archived with a verified location measurement performed at the site by 
the mobile location base station. Moreover, it is important to note that such a mobile location base station as its name implies also 
includes base station electronics for communicating with mobile stations, though not necessarily in the manner of a conventional 
infrastructure base station. In particular, a mobile location base station may only monitor signal characteristics, such as MS signal 
strength, from a target MS without transmitting signals to the target MS. Alternatively, a mobile loation base station an 
periodically be in bi-directional commutation with a target MS for determining a signal time-of-arrival (or time-difference-of- 
arrival) measurement between the mobile loation base station and the target MS. Additionally, each such mobile loation base 
station includes components for estimating the loation of the mobile loation base station, such mobile loation base station loation 
estimates being important when the mobile loation base station is used for looting a target MS via, for example, time-of-arrival or 
time-d'rfference-of-arrival measurements as one skilled in the art will appreciate. In particular, a mobile loation base station an 
include: 
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*: :t-w% m :«uc ^MAx&QJtyam* mobile station (H$)Jor both <ommunkatinf with other components of thepreseni invention 
processing center included in the present invention); 

(72) a GPS receiver for determining a location of the mobile location base station; 

(73) a gyroscope and other dead reckoning devices; and 

5 (7.4) devices for operator manual entry of a mobile location base station location. 

Furthermore, a mobile location base station includes modules for integrating or reconciling distinct mobile location base 
station location estimates that, for example, can be obtained using the components and devices of (7.1) through (7.4) above. That is, 
location estimates for the mobile location base station may be obtained from: GPS satellite data, mobile location base station data 
provided by the location processing center, dead reckoning data obtained from the mobile location base station vehicle dead 

10 reckoning devices, and location data manually input by an operator of the mottle location base station. 

The location estimating system of the present invention offers many advantages over existing location systems. 
The system of the present invention, for example, is readily adaptable to existing wireless communication systems and can accurately 
locate people and/or objects in a cost effective manner. In particular, the present invention requires few, if any, modifications to 
commercial wireless communication systems for implementation. Thus, existing personal communication system infrastructure base 

1 5 stations and other components of, for example, commercial CDMA infrastructures are readily adapted to the present invention. The 
present invention can be used to locate people and/or objects that are not in the fine-of-sight of a wireless receiver or transmitter, 
can reduce the detrimental effects of multipath on the accuracy of the location estimate, can potentially locate people and/br objects 
located indoors as well as outdoors, ami uses a number of wireless stationary transceivers for location. The present invention employs 
a number of distinctly different location computational models for location which provides a greater degree of accuracy, robustness 

20 and versatility than is possible with existing systems, for instance, the location models provided include not only the radius- 

radius/TOAandTDOA techniques but also adaptive artificial neural net techniques. Further, the present invention is able to adapt to 
the topography of an area in which location service is desired. The present invention is also able to adapt to environmental changes 
substantially as frequently as desired. Thus, the present invention is able to tab into account changes in the location topography 
over time without extensive manual data manipulation. Moreover, the present invention can be utilized with varying amounts of 

25 signal measurement inputs. Thus, if a location estimate is desired in a very short time interval (ej, less than approximately one to 
two seconds), then the present location estimating system can be used with only as much signal measurement data as is possible to 
acquire during an initial portion of this time interval. Suhseq uendy, after a greater amount of signal measurement data has been 
aquired, additional more accurate location estimates may be obtained. Note that this capability can be useful in the context of 91 1 
emergency response in that a first quick course wireless mobile station location estimate can be used to route a 91 1 call from the 

30 mobile station to a 91 1 emergency response center that has responsibility for the area containing the mobile station and the 91 1 
caller. Subsequently, once the 91 1 call has been routed according to this first quick location estimate, by continuing to receive 
additional wireless signal measurements, more reliable and accurate location estimates of the mobile station can be obtained. 

Moreover, there are numerous additional advantages of the system of the present invention when applied in COMA 
communication systems. The location system of the present invention readily benefits from the distinct advantages of the CDMA 
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,u>.;„^£.ti .o^r spreaispectram schentt* namely, these advanta^ include Sexploitation of radio frequency spectral effiriem^nd^ 

monitoring voice activity, (b) management of two-way power control, (c) provisioning of advanced variable-fate modems and error 
correcting signal encoding, (d) inherent resistance to fading, (e) enhanced privacy, and (f) multiple "rake" digital data receivers and 
searcher receivers for correlation of signal multipaths. 

5 At a more general level, it is an aspect of the present invention to demonstrate the utilization of various novel 

computational paradigms such as: 

(8.1) providing a multiple hypothesis computational architecture (as illustrated best in Fig. 8) wherein the hypotheses are: 

(8 J.I) generated by modular independent hypothesizing computational models; 

(8.12) the models are embedded in the computational architecture in a manner wherein the architecture allows for 
10 substantial amounts of application specific processing common or generic to a plurality of the models to be straightforwardly 
incorporated into the computational architecture; 

(8.1 J) the computational architecture enhances the hypotheses generated by the models both according to past 
performance of the models and according to application specific constraints and heuristics without requiring feedback bops for 
adjusting the models; 

15 (8.1.4) the models are relatively easily integrated into, modified ami extracted from the computational architecture; 

(8 2) providing a computational paradigm for enhancing an initial estimated solution to a problem by using this initial 
estimated solution as, effectively, a query or index into an historical data base of previous solution estimates and corresponding 
actual solutions for deriving an enhanced solution estimate based on past performance of the module that generated the initial 
estimated solution. 

20 Note that the multiple hypothesis architecture provided herein is useful in implementing solutions in a wide range of 

applications. For example, the following additional applications are within the scope of the present invention: 
(9.1) document scanning applications for transforming physical documents in to electronic forms of the documents. Note that in 
many cases the scanning of certain documents (books, publications, etc) may have a 20% character recognition error rate. Thus, 
the novel computation architecture of the present invention can be utilized by (I) providing a plurality of document scanning models 

25 as the first order models, (u) building a character recognition data base for archiving a correspondence between characteristics of 
actual printed character variations and the intended characters (according to, for example, font types), and additionally archiving a 
correspondence of perf ormance of each of the models on previously encountered actual printed character variations (note, this is 
analogous to the Signature Data Base of the HS location application described herein), and (iii) determining any generic constraints 
and/or heuristics that are desirable to be satisfied by a plurality of the models. Accordingly, by comparing outputs from the first 

30 order document scanning models, a determination can be made as to whether further processing is desirable due to, for example, 
discrepancies between the output of the models. If further processing is desirable, then an embodiment of the multiple hypothesis 
architecture provided herein may be utilized to correct such discrepancies. Note that in comparing outputs from the first order 
document scanning models, these outputs may be compared at various granularities; e.g., character, sentence, paragraph or page; 
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diagnosis/monitoring: 

(9 J) robotic applications such as scene and/or object recognition; 
(9.4) seismic and/or geologic signal processing applications such as for locating oil and gas deposits: 
5 (9i) Additionally, note that this ardihecaire need not have ail modutes co-located. In particular, it is an aspca of 
the present invention that various modules on be remotely located from one another and communicate with one another via 
telecommunication transmissions such as telephony technologies and/or the Internet Accordingly, the present invention b 
particularly adaptable to such distributed computing environments. For example, some number of the first oider models may reside 
in remote locations and communicate their generated hypotheses via the Internet 
10 For instance, in weather prediction applications it is not uncommon for computational models to require large amounts of 

computational resources. Thus, such models running at various remote computational facilities can transfer weather prediction 
hypotheses (tg, the likely path of a hurricane) to a she that performs hypothesis adjustments according to: (i) past performance of 
the each model; (ii) particular constraints and/or heuristics, and subsequently outputs a most likely estimate for a particular weather 
condition. 

15 In an alternative embodiment of the present invention, the processing following the generation of location hypotheses 

(each having an initial location estimate) by the first order models may be such that this processing an be provided on Internet user 
nodes and the first order models may reside at Internet server sites. In this configuration, an Internet user may request hypotheses 
from such remote first order models and perform the remaining processing at his/her node. 

In other embodiments of the present invention, a fast, abe'it less accurate location estimate may be initially performed for 

20 very time critical location applications where approximate location information may be required, for example, less than I second 
response for a mobile station location embodiment of the present invention may be desired for 91 1 emergency response location 
requests. Subsequently, once a relatively course location estimate has been provided, a more accurate most likely location estimate 
can be performed by repeating the location estimation processing a second time with, e*, additional with measurements of wireless 
signals transmitted between a mobile station to be located and a network of base stations with which the mobile station is 

25 communicating, thus providing a second, more accurate location estimate of the mobile station. 

Additionally, note that it is within the scope of the present invention to provide one or more central location development 
shes that may be networked to, for example, geographically dispersed location centers providing location services according to the 
present invention, wherein the FOMs may be accessed, substituted, enhanced or removed dynamically via network connections (via, 
e.g, the Internet) with a central location development she. Thus, a small but rapidly growing municipafity in substantially flat low 

30 density area might initially be provided with access to, for example, two or three f OMs for generating location hypotheses in the 
mumcipafity's relatively uncluttered radio signaling environment. However, as the population density increases and the radio 
signaling environment becomes cluttered by, for example, thermal noise and multipart, additional or alternative FOMs may be 
transferred via the network to the (oration center for the municipality. 
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,r.-ii.. ; ^ - Note that in some^mbodiments of^the present tnventioorsince there a lack of sequencing between the F OMj and ^ " ^ ^w<iutf. ^asausM*w.v 
subsequent processing of location hypotheses, the f OHs can be incorporated into an expert system, if desired. For example, each FOM 
may be activated from an antecedent of an expert system rule. Thus, the antecedent for such a rule can evaluate to TRUE if the FOM 
outputs a location hypothesis, and the consequent portion of such a rule may put the output location hypothesis on a fist of location 
hypotheses occurring in a particular time window for subsequent processing by the location center. Alternatively, activation of the 
FONs may be in the consequents of such expert system rules. That is, the antecedent of such an expert system rule may determine if 
the conditions are appropriate for invoking the FOM(s) in the rule's consequent 

Of course, other software architectures may also to used in implementing the processing of the location center without 
departing from scope of the present invention. In particular, object-oriented architectures are also within the scope of the present 
invention. For example, the FOMs may be object methods on an MS location estimator object, wherein the estimator object receives 
substantially ail target MS location signal data output by the signal filtering subsystem. Alternatively, software bus architectures are 
contemplated by the present invention, as one skilled in the art will understand, wherein the software architecture may be modular 
and facilitate parallel processing. Further features and advantages of the present invention are provided by the figures and detailed 
description accompanying this invention summary. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Rg. I illustrates various perspectives of radio propagation opportunities which may be considered in addressing correlation 
with nubile to base station ranging. 

Fig. 2 shows aspects of the two-ray radio propagation model and the effects of urban dutter. 
5 Fig. 3 provides a typical example of how the statistical power budget is calculated in design of a Commercial Mobile Radio 

Service Provider network. 

Fig. 4 illustrates an overall view of a wireless radio location network architecture, based on AIN principles. 

Rg. S is a high level block diagram of an embodiment of the present invention for locating a mobile station (MS) within a 
radio coverage area for the present invention. 
10 Fig. 6 is a high level block diagram of the location center 141 

Fig. 7 is a high level block diagram of the hypothesis evahtator for the location center. 

Fig. 8 is a substantially comprehensive high level block diagram illustrating data and control flows between the 
components of the location center, as well the functionality of the components. 

Fig. 9 is a high level data structure diagram describing the fields of a location hypothesis object generated by the first 
IS order models 1224 of the location center. 

Rg. 10 is a graphical illustration of the computation performed by the most likelihood estimator 1344 of the hypothesis 

evaluator. 

Rg. 1 1 is a high level block diagram of the mobile base station (MBS). 

Fig. 12 is a high level state transition diagram describing computational states the Mobile Base station enters during 

20. operation. 

Rg. 13 is a high level diagram illustrating the data structural organization of the Mobile Base station capability for 
autonomously determining a most likely MBS location from a plurality of potentially conflicting MBS location estimating sources. 

Fig. 14 shows one method of modeling COMA delay spread measurement ensembles and interfacing such signals to a typical 
artificial neural network based FOM. 

25 Rg. IS illustrates the nature of RF "Dead Zones" , notch area, and the importance of including location data signatures 

from the back side of radiating elements. 

Figs. 16a through 16c present a table providing a brief description of the attributes of the location signature data type 
stored in the nation signature data base 1320. 

figs. 17a through 17c present a high level flowchart of the steps performed by function, "UPDATE IOC SIG DB," for 
30 updating location signatures in the location signature data base 1320; note, this flowchart corresponds to the description of this 
function in APPENDIX C 
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^ ^ - Rgs- Ifo through IQb.preKnt a high JevelJtowdBrt of.the steps perfonned V' unct > an > , ''REOUCE_BAD"DB " LOC SJGS," 
for updating location signatures in the location signature data base 1320; note, this flowchart corresponds to the description of this 
function in APPENDIX C 

figs. 19a through 19b present a high level flowchart of the steps perfonned by function, 
-|NCREASE_COHnDEHCE_Of_G0OD_0B_LOCJIGS " for updating location signatures in the location signature data base 1320; 
note, this flowchart corresponds to the description of this function in APPENDIX C 

Figs. 20a through 2Dd present a high level flowchart of the steps perfonned by function, 
"DETERMINEJOaTIOHJKfflATUREJITJIlRORJ," for updating location signatures in the location signature data base 1320; 
note, this flowchart corresponds to the description of this function in APPENDIX L 

fig. 21 presents a high level flowchart of the steps performed by function, "ESTIHATE_LOC_JIG_fROH_DB," for updating 
location signatures in the location signature data base 1320; note, this flowchart corresponds to the description of this function in 
APPENDIX C 

Figs. 22a through 22b present a high level flowchart of the steps perfonned by function, "GETJREATO SEARCH," for 
updating location signatures in the location signature data base 1320; note, this flowchart corresponds to the description of this 
function in APPENDIX C 

Figs. 23a through 23b present a high level flowchart of the steps perfonned by function, 
"GET_DIFFERENCE_MEASUREHENT," for updating location signatures in the location signature data base 1320; note, this flowchart 
corresponds to the description of this function in APPENDIX C 

Fig. 24 is a high level illustration of context adjuster data structures and their relationship to the radio coverage area for 
the present invention; 

Figs. 2$a through 25b present a high level flowchart of the steps perfonned by the function, "CONTEXTADjUSTER," used 
in the context adjuster 1326 for adjusting mobile station estimates provided by the first order models 1224; this f bwchart 
corresponds to the description of this function in APPENDIX D. 

Figs. 26a through 26c present a high level flowchart of the steps performed by the function, 
-Gn_ADJU$TED_lOC_HYP_UST_FOR," used in the context adjuster 1326 for adjusting mobile station estimates provided by the 
Tint order models 1224; this flowchart corresponds to the description of this function in APPENDIX D. 

figs. 27a through 27b present a high level flowchart of the steps perfonned by the function, "CONFIDENCE ADJUSTER," 
used in the context adjuster 1326 for adjusting mobile station estimates provided by the first order models 1224; this flowchart 
corresponds to the description of this function in APPENDIX D. 

Fig. 28a and 28b presents a high level flowchart of the steps perfonned by the function, 
"GE7_COMPOSITE_PREDICnON_NAPPED_CLU$TER_DEN$!TY." used in the context adjuster 1326 for adjusting mobile station 
estimates provided by the first order models 1224; this flowchart corresponds to the description of this function in APPENDIX D. 
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. a x. 'i !r*vjj**fi»i ^; >v :FigL29aihrough29h present a b$h level flowchart of the steps performed by the function, - = * - :<t ** ^^t^Mr^^t^^^^^^., 
-GET JRED!niON_HAPPED_^CUI$TER JEHSmf^WR," used in the context adjuster 1326 for adjusting mobile station estimates 
provided by the first order models 1224; this flowchart corresponds to the description of this function in APPENDIX D. 

fig. 30 illustrates the primary components of the signal processing subsystem. 
5 fig- 31 illustrates how automatic provisioning of mobile station information from multiple (MRS occurs. 
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, . DETAILED DESCRIPTION 



Detailed Description Introduction 

Various digital wireless communication standards have been introduced such as Advanced Mobile Phone Service (AMPS), Narrowband 
Advanced Mobile Phone Service (DAMPS), code division multiple access (CDMA) and Time Division Multiple Access (TDNA) (eg., 
Global Systems Mobile (GSM). These standards provide nrnnenwaenliancemeiits for advancing 

capacity for wireless applications. Referring to CDMA, this standard b described in the Telephone Industries Association standard B- 
95. for frequencies below I GHi, and in J-STD-008, the Wideband Spread-Spectrum Digital Cellular System Dual-Mode Mobile 
Station-Base station Compatibility Standard, for frequencies in the I J - 1.9 GHz frequency bands. Additionally. CDMA general 
principles have been described, for example, in Ui. Patent 5.109390. Diversity Receiver in a CDMA Cellular Telephone System by 
Gilbousen. There are numerous advantages of such digital wireless technologies such as COMA radio technology. For example, the 
CDMA spread spectrum scheme exploits radio frequency spectral efficiency and isolation by monitoring voice activity, managing two- 
way power control, provision of advanced variable-rate modems and error correcting signal design, and includes inherent resistance 
to fading, enhanced privacy, and provides for multiple "rake" digital data receivers and searcher receivers for correlation of multiple 
physical propagation paths, resembling maximum likelihood detection, as well as support for multiple base station communication 
with a mobile station, le, soft or softer hand-off capability. When coupled with a Icraiion center as described herein, subnantiaJ » 
improvements in radio location can be achieved, for example, the CDMA spread spectrum scheme exploits radio frequency spectral 
efficiency and isolation by monitoring voice activity, managing two-way power control, provision of advanced variable-rate modems 
and error correcting signal design, and includes inherent resistance to fading, enhanced privacy, and provides for multiple "rake- 
digital data receivers and searcher receivers for correlation of multiple physical propagation paths, resembling maximum likelihood 
detection, as wen as support lor multiple base station communiation with a mobile station, Le, soft hand-off capability. Moreover, 
this same advanced radio communication infrastructure can also be used for enhanced radio location. As a further example, the 
apabilities of IS-41 and AIM already provide a broad-granularity of wireless location, as is necessary to. for example, property direct 
a terminating call to an MS. Such information, originally intended for call processing usage, can be re-used in conjunction with the 
location center described herein to provide wireless location in the large (le, to determine which country, state and city a particular 
MS is located) and wireless location in the small (Le, which location, plus or minus a few hundred feet within one or more base 
stations a given MS is located). 

Fig. 4 is a high level diagram of a wireless digital radiolocation intelligent network architecture for the present invention. 
Accordingly, this figure illustrates the interconnections between the components, for example, of a typical PCS network configuration 
and various components that are specific to the present invention. In particular, as one skilled in the art will understand, a typical 
wireless (PCS) network includes: 

(a) a (large) plur^ity of cnnvehtional wireless mobile stations (MSs) I40for,at least one of voice related communication, 

visual (e.g, text) related communication, and according to present invention, location related communication; 

(b) a mobile switching center (NSC) 1 12; 
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(c) a plurafitynfwireless cell shes in aradio coverage area 120. wherein each cell she TindoijK an ;n^ithttnft , ^ MW '' v * U! ' ,:n,i: ** *«*<«**«<**** 

station such as those labeled 122 (or variations thereof such as I22A - l22D)7ln partfailar, the base stations 122 
denote the standard high traffic, fixed location base stations used for voice and data communication with a plurality 
of MSs 140, and, according to the present invention, also used for communication of information related to locating 
such HSs 140. Additionally, note that the base stations labeled 152 are more directly related to wireless motion - 
enablement for example, as described in greater detail here'rabetew, the base stations 152 may be bw cost, bw 
functionality transponders that are used prinarily in communicating MS location related information to the location 
center 142 (via base stations 122 and the MSC 112). Notrthat unless stated otherwise, the base stations 152 will be ) 
referred to hereinafter as "location base station(s) 152" or simply "LBS(s) 152"); 

(d) a public switched telephone network (PSTN) 124 (which may mdude signaling system finks 106 having network 
control components such as: a service control point (SCP) 104 v one or more signaling transfer points (STPs) MO. 



Added to this wireless network, the present invention provides the following additional components: 
(10.1) a location center 142 which is required for detemiining a tocatbn of a tar^ MS Musing sigralcharaderist^ 
15 this target MS; 

(102) one or more mobile base stations 148 (MBS) which are optional, for physically traveling toward the target MS 140 or 3 
tracking the target MS; 

(I0J) a phirality of location base stations 152 (LBS) which are optional, distributed within the radio coverage areas 120, each 1 
LBS 152 having a relatively small MS 140 detection area 154; 4 

20 Since location base stations can be bated on potentially each floor of a multi-story building, the wireless location 

technology described herein can be used to perform location in terms of height as well as by latitude and longitude. 1 

In operation, the MS 140 may utilize one of the wireless technologies, COMA, TDHA, AMPS, NAMPS or GSM techniques for 
radio communication with: (a) one or more infrastructure base stations 122, (b) mobile base station(s) 148 , (c) an LBS 152. 1 

Referring to Fig. 4 again, additional detail is provided of typical base station coverage areas, seaorization, and high level 

25 componenttwithina^ theMSCIIL Although base stations may be placed in any configuration, a 

typical deployment configuration is approximately in a cellular honeycomb pattern, although many practical tradeoffs exist, such as 
site availability, versus the requirement for maximal terrain coverage area. To illustrate, three such exemplary base stations (BSs) 
are I22A, I22B and I22C, each of which radiate referencing signals within their area of coverage 169 to facilitate mobile station (MS) 
140 radio frequency connectivity, and various timing and synchronization functions. Note that some base stations may contain no 

30 sectors 130 (e.g. I22E), thus radiating and receiving signals in a 360 degree omnidirectional coverage area pattern, or the base 
station may contain "smart antennas" which have specialized coverage area patterns. However, the generally most frequent base 
stations 122 have three sector 130 coverage area patterns. For example, base station I22A includes sectors 130, additionally labeled 
a, b and c Accordingly, each of the actors 130 radiate and receive signals in an approximate 120 degree art, from an overhead view. 
As one skilled in the art will understand, actual base station coverage areas 169 (styfistkally represented by hexagons about the base 
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,* v„ ^ rj**.* ^v-zhi ,v.:. : .stations 122) generally are deiigsed to overlap to.some extent^ thus ensuring searatess coverage in a geographicafcrea; Control 4 * ' >-^w«. w«w*. 

etectronia within each base station 122 an used to communicate with a mobile stations 140. Information regarding the coverage 
area for each sector 130, such as its range, area, and "holes" or areas of no coverage (within the radio coverage area 120), may be 
known and coed by the location center 142 to facilitate location determination. Further, during communication with a mobile station 
5 140, the identification of each base station 122 communicating with the MS 140 as well, as any sector identification information, may 
be known and provided to the location center I4L 

In the case of the lose station types 122, 14B, and IS2 communication of location information, a base station or mobility 
controller 174 (BSC) controls, processes and provides an interface between originating and terminating telephone calls from/to 
mobile station (MS) 140, and the mobile switch center (NSC) I II The NSC 122, on-the-other-hand, performs various administration 
10 functions such as mobile station 140 registration, authentication and the relaying of various system parameters, as one skilled in the 
art will understand. 

The base stations 122 may be coupled by various transport facilities 176 such as leased lines, frame relay, T-Carrier links, optical 
fiber links or by microwave communication links. 

When a mobile station 140 (such as a CDMA, AMPS, HAMPS mobile telephone) is powered on and in the idle state, it constantly 

15 monitors the pilot signal transmissions from each of the base stations 122 located at nearby cell sites. Since base station/sector 
coverage areas may often overlap, such overlapping enables mobile stations 140 to detect, and, in the case of certain wireless 
technologies, communicate simultaneously along both the forward and reverse paths, with multiple base stations 122 ami/or sectors 
130. In fig. 4 the constantly radiating pilot signals from base station sectors 130, such as sectors a, b and c of BS I22A, are detectable 
by mobile stations 140 within the coverage area 169 for BS I22A. That is, the mobile stations 140 scan for pilot channels, 

20 corresponding to a given base stationAedor identifiers (IDs) , for determining which coverage area 169 fa cell) h is contained. 
This is performed by comparing signals strengths of pilot signals transmitted from these particular cell-sites. 

The mobile station 140 then initiates a registration request with the MSC 112, via the base station controller l74.Th?HSCII2~^ o 

determines whether or not the mobile station 140 is allowed to proceed with the registration process (except w ^ 

wherein no registration process is required). At this point calk may be originated from the mobile station 140 or calls or short 

25 message service messages can be received from the network. The NSC 1 12 communicates as appropriate, with a class 4/5 wireline 
telephony circuit switch or other central offices, connected to the PSTN 124 network. Such central offices connect to wireline 
terminals, such as telephones, or any communication device compatible with the line. The PSTN 124 may also provide connections to 
long distance networks and other networks. 

The MSC 1 12 may also utilize IS/41 data circuits or trunks connecting to signal transfer point 1 10, which in turn connects 

30 to a service control point 104, via Signaling System #7 (SS7) signaling links (e*, trunks) for intelligent call processing, as one 
skilled in the art will understand. In the case of wireless AIN services such links are used for call routing instructions of alls 
interacting with the MSC 1 12 or any switch capable of providing service switching point functions, and the public switched telephone 
network (PSTN) 124, with possible termination back to the wireless network. 
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178, using for example, any number of LAN/WAN technologies, sodi as Ethernet, fart Ethernet, frame rehy, virtual private networks, 
etc, or via the PSTN 124. The IC |«WmsliutoBoinoos (e.g, unsdicited) command/response messages regarding, for example: 
(a) the state of the wireless network of each service provider, (b) HS 140 and BS 122 radio frequency (Rf) measurements, (c) any 
5 HBSs 148, (d) location applications requesting MS locations using the location center,. Conversely, the LC 142 provides data and 

control information to eachof the above components in (a) -(d). Additionally, the IC 142 rnay p^ 0 
HSI40,viaaBS 122. Moreover, in the ok of the nse of a mobile base station (MBS) 148, several communications paths may exist 
with the LC 141 

The HBS 148 acts as a low cost, partially-functional, moving base statiolt, and is, in one embodiment, situated in a vehicle 

10 where an operator may engage in HS 140 searching and tracking activities. In providing these activities using CDMA, the HBS148 * 
provides a forward link pilot channel for a target HS 140, and>subsequently receives unique BS pilot strength measurements from die » 
HS 140. The HBS 148 also indudes a monk station for <faa communication whh the IC 142, via aBS I21»ln particular, such dat* 
communication includes telemetering the geographic position of the HBS 148 as well as various Rf measurements related to signals ~>. 
received from the target MS 140. In some embodiments, the HBS 148 may also utilize multiple-beam fixed antenna array elements 

15 and/orainoveabferuimwl)earaanttnn 

orientation in order to further deduce a radio location of the target HS 140 whh respect to an estimated current location of the HBS ~ 
;H4£. As will be described in more detail herein below, the HBS 148 may further contain a global positioning system T(GPS), distance 
^^^* tteBil * electronia « » wl1 as an on-board computing system and display devices for locating both the HBS 148 of » 
itself as well as tracking and locating the target ^HS i40f Tbecnmputing and display provides a means for communicating the 

20 poHtionolthetargetMSI40onamapdisplaytoanoperatoroftheHBSI48. - 

Each location base station (IBS) 152 b a low cost location device. Each such LBS 152 communicates with one or more of 
the infrastructure base stations 122 using one or more wireless technology interface standards. In some embodiments, to provide 
such LBS's cost effectively, each LBS 152 only partially or minimally supports the air-interface standards of tire one or more wireless 
technologies used in communicating with both the BSs 122 and the HSsl40. Ep lK I52, when pm ^ 

25 tocatbn,suchasatatrafficsignai j ^ 

example, the accuracy of the locations of the infrastructure BSs 121 Assuming the wireless technology CDHA rs used, each BS 122 
uses a time of fset of the pilot PN sequence to identify a forward CDHA pilot channel. In one embodiment, each LBS 1 52 emits a 
unique, time-offset pilot PN sequence channel in aaordanct with the CDMA standard in the RF spectrum designated for BSs 122, such 
that the channel does not interfere with neighboring BSs 122 cell site channels, nor would it interfere with neighboring LBSs 152. 

30 However, as one skilled in the art will understand, time offsets, in CDMA chip sizes, may be re-used within a PCS system, thus 
providing efficient use ol pilot time offset chips, thereby achieving spectrum efficiency. Each LBS 152 may also contain multiple 
wireless receivers in order to monitor transmissions from a target MS 140. Additionally, each LBS 152 contains mobile station 140 
electronic therety.albwjngt^ by the LC 142, and to transmit information to the LC 142, via at feast one "=> 

' Mighbpring BS 121 
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• •• As rnentro^ 

information about the target HSJ4P fromrfor instance, one or more actiwttd U$i I52in'a geographical area of interest 
Acmnfingly, whenever the target HS 140 is in such an area, or is suspected of being in the area, either upon command from the LC o 
142, or in a substantially continuous fashion, the IBS's pilot channel appears to the target HS 140 as a potential neighboring base 3 
station channel, and consequently, is placed, for example, in the CDMA neighboring set, or the CD II A remaining set. of the target HS 
140 (as one familiar with the CDMA standards will understand). 

During the normal CDMA pilot search sequence of the mobile station initialization date (in the target MS), the target HS } 
140 will, if within range of such an activated IBS 152, detect the IBS pilot presence during the CDMA pilot channel acquisition 
substate. Consequently, the target MS 140 performs RE measurements on the signal from each detected LBS 151 Similarly, an 
activated LBS 152 can perform Rf measurements on the wireless signals from the target HS 140. Accordingly, each LBS 152 detecting - 
the target MS 140 may subsequently telemeter back to the LC 142 measurement results related to signals from/to the target MS 140. } 
Horeover, upon command, the target HS 140 will telemeter back to the LC 142 its own measurements of the detected LBSs I52,and 1 
consequently, this raw location information, in conjunction with location related information received from the BSs 122, can be used ? 
to locate the target MS I40.\ 

15 It should be noted that an LBS 152 will normally deny hand-off requests, since typically the LBS does not require the added 

complex'rty of handling voice or traffic bearer channels, although economics and peak traffic bad conditions would dictate preference 
here. GPS timing information, needed by any CDMA base station, is either achieved via a the inclusion of a local GPS receiver or vial 
telemetry process from a neighboring conventional BS 122, which containsaGPS receiver and timing information. Since energy 
requirements are minimal in such an LBS 152, (rechargeable) batteries or »br cells may be used to power the LBS. No expensive 
20 terrestrial transport fink is typically required since two-way communication is provided by the included MS 140 (or an electronic 
variation thereol). Thus, LBSs 152 may be placed in numerous locations, such as: 

(a) in dense urban canyon areas (e^ where signal reception may be poor and/or very noisy); 

(b) in remote areas (e.g, hiking, camping and skiing areas); 

(c) along highways (e.g„ for emergency as well as monitoring traffic flow), and their rest stations; or 
25 (d) in general, wherever more location precision is required than is obtainable using other wireless inf instruction network 

components. 



Location Center • Network Elements API Description 

A location application programming interface 136 (Fig. 4), or l-API, is required between the location center 142 (LC) and 
30 the mobile switch center (HSC) network element type, in order to send and receive various control, signals and data messages. The l- 
API should be implemented using a preferably high-capacity physical layer communications interface, such as IEEE standard 8023 
(10 baseT Ethernet), although other physical layer interfaces could be used, such as fiber optic ATH, frame relay, etc Two forms of 
API implementation are possible, lo the first case the signals control and data messages are realized using the HSC 1 12 vendor's 
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a full suite of commands and messaging content specifically optimized for wireless location purposes, which may require some, 
although minor development on the part of the HSC vendor. 

Signal Processor Description 

Referring to Fig. 30, the signal processing subsystem receives control messages and signal measurements and transmits 
appropriate control messages to the wireless network via the location applications programming interface referenced earlier, for 
wireless location purposes. The signal processing sobsysttrn addhioiiall)r provides various signal idintHkation, condhioning and pre- 
processing functions, including buffering, signal type classification, signal filtering, message control and routing functions to the 
location estin&te modules. 

There can be several combinations of Delay Spread/Signal Strength sets of measurements made available to the signal 
processing subsystem 20. In some cases the mobile station 140 (Fig. I) may be able to detect up to three or four Pilot Channels 
representing three to four Base Stations, or as few as one Pilot Channel, depending upon the environment Similarly, possibly more 
than one BS 122 an detect a mobile station 140 transmitter signal, as evidenced by the provision of cell diversity or soft hand-off in 
the CDHA standards, and the fact that multiple CURS* base station equipment commonly will overlap coverage areas. For each mobile 
station 140 or BS 122 transmitted signal detected by a receiver group at a station, multiple delayed signals, or "fingers" may be 
detected and tracked resulting from multipart radio propagation conditions, from a given transmitter. 

In typical spread spectrum diversity CDMA receiver design, the "first" finger represents the most direct, or least delayed 
muftipath signal. Second or possibly third or fourth fingers may also be detected and tracked, assuming the mobile station contains a 
sufficient number of data receivers. mn^j^mmmmntik methods would discard subsequent fingers related to the 
same transmitted finger, collection and use of these additional values can prove useful to reduce location ambiguity, and are thus 
collected by the Signal Processing subsystem in the Location Center 142. 

From the mobile receiver's perspective, a number of combinations of measurements could be made available to the 
Location Center. Due to the disperse and Rear-random nature of CDHA radio signals and propagation characteristic, traditional 
\n^^S^WBmNrtM in the past, because the number of signals received in different locations area different In a 
particularly small urban area, say less than 500 square feet, the number of RF signals and there multipart components may vary by 
over 100 percent 

Due to the large capital outlay costs associated with providing three or more overlapping base station coverage signals in 
every possible location, most practical digital PCS deployments result in fewer than three base station pilot channels being reportable 
in the majority of location areas, thus resulting in a larger, more amorphous location estimate. This consequence requires a family of 
location estimate location modules, each firing whenever suitable data has been presented to a model, thus providing a location 
estimate to a bacterid subsystem which resolves ambiguities. 

In one embodiment of this invention using bacterid hypothesis resolution, by utilizing existing knowledge concerning base 
station coverage area boundaries (such as via the compilation a RF coverage database - either via RF coverage area simulations or 
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location estimate hypotheses. 

Although the forward link mobile station's received relative signal strength (RRSSas) of detected nearby base station 
transmitter signals an be used directly by the location estimate modules, the CDMA base station's reverse link received relative signal 
strength (RRSS m ) of the detected mobile station transmitter signal must be modified prior to location estimate model use, since the 
mobile station transmitter power level changes nearly continuously, and would thus render relative signal strength useless for 
location purposes. 

One adjustment variable and one factor value are required by the signal processing subsystem in the CDMA air interface 
case: I.) instantaneous relative power level in dBm (IRPL) of the mobile station transmitter, and 1) the mobile station Power Class. 
By adding the IRPL to the MBS*, a synthetic relative signal strength (SRSS«) of the mobile station 140 signal detected at the BS 122 
is derived, which can be used by location estimate model analysis, as shown below: 

SR$S M = RRSShs -h IRPL (in dBm) 

SRSS^ a corrected indication of the effective path loss in the reverse direction (mobile station to BS), is now comparable with RRSS M 
and can be used to provide a correlation with either distance or shadow fading because it now accounts for the change of the mobile 
station transmitter's power level. The two signals RRSS K and SRSS W can now be processed in a variety of ways to achieve a more 
robust correlation with distance or shadow fading. 

Although Rayfeigb fading appears as a generally random noise generator, essentially destroying the correlation value of 
either RRSS^ or SRSS W measurements with distance individually, several mathematical operations or signal processing functions can 
be performed on each measurement to derive a more robust relative signal strength value, overcoming the adverse Rayleigh tiding 
effects. Examples indude averaging, taking the strongest value and weighting the strongest value with a greater coefficient than the 
weaker value, then averaging the results. This signal processing technique takes advantage of the fact that although a Rayleigh fade 
may often exist in either the forward or reverse path, it is much less probable that a Rayleigh fade also exists in the reverse or 
forward path, respectively. A shadow fade however, similiarly affects the signal strength in both paths. 

At this pmn^ 

N asS | to establish a correlation withliffienlj^^ Although the ambiguity of either shadow fading or 

distance cannot be determined, otter means can be used in conjunction, such as the fingers of the CDMA delay spread measurement, 
r M any other TOA/TDOA caloilatkjns f rom other geograph&l point! In the case of a mobile station with a certain amount of 
shadow fading between its BS 122 (Fig. 2), the first finger of a CDMA delay spread signal is most likely to be a relatively shorter 
duration than the case where the mobile station 140 and BS 122 are separated by a greater distance, since shadow fading does not 
materially affect the arrival time delay of the radio signal 

By performing a small modification in the control electronics of the CDMA base station and mobile station receiver 
circuitry, it is possible to provide the signal processing subsystem 20 (reference fig. 30) within the Location scenter 142 (Fig. I) with 
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of additional CDNA fingers (additional multipart) and all associated detectable pilot channels, provides new information which is 
used to enhance to accuracy of the Location Center's location estimate location estimate modules. 

This enhanced capability is provided via a control message, sent from the Location center 142 to the mobile switch center 
12, and then to the tase stations) in communication with, or in dose proximity with, mobile stations 1 40 to be tootednwo^peTof 
location measurement request control messagesare neadet oiTtomnct a target mobile station 140 (Le, the mobile station to be 
located) to telemeter its BS pilot channel measurements back to the primary BS I22and from there to the mobile switch center 112 
and then to the location system 42. The second control message b sent from the location system 42 to the mobile switch center 1 12. 
then to first the primary BS, instructing the primary BS* searcher retehrerto output (le, return to the initiating request message 
source) the detected target mobile station 140 transmitter CDNA pilot channel offset signal and their corresponding delay spread 
linger (peak) values and related relative signal strengths. 

The control messages are implemented in standard mobile station 140 and BS 122 CDMA receivers such that all data results 
from the search receiver and multiplexed results from the associated data receivers are available for transmission back to the 
location Center 142. Appropriate value ranges are required regarding mobile station 140 parameters T_ADD„ T_DROP„ and the 
ranges and values forthe Active, Neighboring and Remaining Pilot sets registers, held within the mobile station 140 memory. Further 
mobile station 140 receiver details have been discussed above. 

In the normal case without any specific multiplexing means to provide location measurements, exactly how many COMA 
pilot channels and delay spread fingers on or should be measured vary according to the number of data receivers contained in each 
mobile station 140. As a guide, it b preferred that whenever RF characteristics permit, at least three pilot channels and the strongest 
rust three lingers, are collected and processed. From the BS 122 perspective, it b preferred that the strongest first four CDMA delay 
spread fingers and the mobile station power level be collected and sent to the location system 42, for each of preferably three BSs 122 
which an detect the mobile station 140. A much larger combination of measurements b potentially feasible using the extended data 
collection capability of the CDMA receivers. 

Rg. 30 illustrates the components of the Signal Processing Subsystem. The main components consist of the input queue(s) 
7, signal dassifier/filter 9, digital signaling processor 17, imaging filters 19, output queue(s) 21, router/distributor 23, a signal 
processor database 26 and a signal processing controller IS. 

Input queues 7 are required in order to stage the rapid acceptance of a significant amount of RF signal measurement data, 
used for either location estimate purposes or to accept autonomous location data. Each location request using fixed base stations 
may, in one embodiment, contain from I to 128 radio frequency measurements from the mobile station, which translates to 
approximately 61.44 kilobytes of signal measurement data to be collected within 10 seconds and 128 measurements from each of 
possibly four base stations, or 24S.76 kilobytes for all base stations, lor a total of approximately 640 signal measurements from the 
five sources, or 3072 kilobytes to arrive per mobile station location request in 10 seconds. An input queue storage space b assigned at 
the moment a location request begins, in order to estabfish a formatted data structure in persistent store. Depending upon the 
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input queue(s) 7 accordingly. 

The signal processing subsystem supports a variety of wireless network signaling measurement capabilities by detecting the 
capabilities of the mobile and base station through messaging structures provided bt the location application programming interface. 
5 Detection is accomplished in the signal classifier 9 (Fig. 30) by referencing a mobile station database table within the signal processor 
database 26, which provides, given a mobile station Ratification number, mobile station revision code, other mobile station 
cbaractersitics. SimiTarfy, a mobile switch center table 31 provides MSC characteristics and identifications to the signal classifier/filter 
9. The signal classifier/filter adds additional message header information that further classifies the measurement data which allows 
the digital signal processor and image filter components to select the proper internal processing subcomponents to perform 

10 operations on the signal measurement data, for use by the location estimate module! 

Regarding service control point messages autonomously received from the input queue 7, the signal dassifier/fitar 9 
detemines via a signal processing database 26 query that the message is to be associated with a home base station mod ule. Thus 
appropriate header information is added to the message, thus enabling the message to pass through the digital signal processor 17 
unaffected to the output queu 21, and then to the routerAfiitributor 23. The router/distributor 23 then routes the message to the HBS 

15 first order model. Those skilled in the art will understand that associating location requests from Home Base Station configurations 
require substantially less data: the mobile identification number and the associated wireline telephone number transmission from the 
home location register are on the order of less than 32 bytes. Consequentially the home base station message type could be routed 
without any digital signal processing. 

Output queue(s) 21 are required for similar reasons as input queues 7: relatively large amounts of data must be held in a specific 
20 format for further location processing by the location estimate modules.. 

The router and distributor component 23 is responsible to directing specific signal measurement data types and structures 
to their appropriate modules. For example, the HBS FOH has no use for digital filtering structures, whereas the TOOA module would 
rot be able to process an HBS response message. 

The controller 15 is responsible for staging the movement of data among the signal processing subsystem 20 components input queue 
25 7, digital signal processor 17, router/distributor 23 ami the output queue 21 , and to initiate signal measurments within the wireless 
network, in response from an internet 168 location request message in Fig. I, via the location application programming interface. 

In addition the controller IS receives autonomous messages from the HSC , via the location applications programming 
interface (Fig. I) or L-API and the input queue 7, whenever a 9-1-1 wireless call is originated. The mobile switch center provides this 
autonomous notification to the location system as follows: By specifying the appropriate mobile switch center operations and 
30 maintenance commands to surveil calls based on certain digits dialed such as 9-1-1, the location applications programming interface, 
in communications with the MSCs, receives an autonomous notification whenever a mobile station user dials 9-1-1. Specifically, a bi- 
directional authorized communications port is configured, usually at the operations and maintenance subsystem of the MSCs, or with 
their associated network element manager system(s), with a data circuit, such as a DS-I , with the location applications programming 
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The exact implementation of the vendor-jpechlc man-machine or Open Systems Interface (OSI) commands(s) and their associated 
data structures generally vary among HSC vendors, however the trace function is generally available in various forms, and is required 
in order to comply with federal Bureau of Investigation authorities for wire tap purposes. After the appropriate surveillance 
commands are established on the NSC, such M-l call notifications messages containing the mobile station identification number 
(HIM) and, in phase I E9-I-I implementations, a pseudo-automatic number identkation (aJta. pANI) which provides an association 
with the primary base station in which the 9-1-1 caller is in commonicaiton. In cases where the pANI is known from the onset, the 
signal processing subsystem avoids querying the HSC in question to determine the primary base station identification associated with 
the 9-1-1 mobile station caller. 

After the signal processing controller IS receives the first message type, the autonomous notification message from the 
mobile switch center 1 12 to the location system 42, containing the mobile identification number and optionally the primary base 
station identification, the controller IS queries the base station table 13 in the signal processor database 26 to determine the status 
and availability of any neighboring base stations, including those base stations of other CURS in the area. The definition of 
neighboring base stations include not only those within a provisional^ "hop" based on the cell design reuse factor, but also includes, 
in the case of CDMA, results from remaining set information autonomously queried to mobile stations, with results stored in the base 
station table. Remaining set information indicates that mobile stations can detect other base station (sector) pilot channels which 
may exceed the "hop" distance, yet are nevertheless candidate base stations (or sectors) for wireless location purposes. Although 
cellular and digital cell design may vary, "hop- distance is usually one or two cell overage areas away from the primary base 
station's cell coverage area. 

Having determined a likely set of base stations which may both detect the mobile station's transmitter signal, as well as to 
determine the set of likely pilot channels (Le, base stations and their associated physical antenna sectors) detectable by the mobile 
station in the area surrounding the primary base station (sector), the controller IS initiates messages to both the mobile station and 
appropriate base stations (secton) to perform signal measurements and to return the results of such measurements to the signal 
processing system regarding the mobile station to be located. This step may be accomplished via several interface means. In a first 
case the controller IS utilizes, for a given HSC, predetermined storage information in the HSC table 31 to determine which type of 
commands, such as man-machine or OSI commands are needed to request such signal measrurements for a given HSC The controller 
generates the mobile and base station signal measurement commands appropriate for the HSC and passes the commands via the 
input queue 7 and the locations application programming interface in Fig.l, to the appropriate HSC, using the authorized 
communications port mentioned earlier. In a second case the controller IS communicates directly with base statiens within having to 
interface directly with the HSC for signal measurement extraction. 

Upon receipt of the signal measurements, the signal classifier 9 in fig. 30 examines location application programming 
interface-provided message header information from the source of the location measurement (for example, from a fixed BS 122, a 
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;v ? mobilejtatian J40,ad«tril»uted antennasystem 168 in Rg;"l or message loation data rebttdto a tnmtfj&ffim%'$toWli$? L * 1 '" 
the location applications pngramming interface (L-API) via the input queue 7 in fi g. 30 and d etTmiinn whether or not device filters 
17 or image filters 19 are nealeaVanti assesses a relative priority in processing, such as an emergency versus a background loation / 
task, in terms of grouping like data associated with a given location request In the case where multiple signal measurement requests 
are outstanding for various base stations, some of which may be associated with a different (MRS network, and additional signal 
classifier function includes sorting and associating the appropriate incoming signal measurements together such that the digital 
signal processor 17 processes related measurements in order to build ensemble data sets. Such ensembles allow for a variety of 
functions such as averaging, outlier removal over a timeperiod, and related filtering functions, and further prevent association errors 
from occuriog in loation estimate processing. 

Another function of the signal dassifier/low pass filter component 9 bto filter information that is not useable, or 
information that cook) introduce noise or the effect of noise in the fetation estimate modules. Consequently low pass matching filters 
are used to match the in-common signal processing components to the characteristics of the incoming signals. Low pass filters match: 
Mobile Station, base station. CMRS and MSC characteristics, as wall as to classify Home Base Station messages. 

The signal processing subsystemcontains a base station database table 13 (f ig. 30) which captures the maximum number 
of CDMA delay spread fingers for a given base station. 

The base station identification code, or CM or common language level identification code is useful in identifying or 
relating a human-labeled name descriptor to the Base Station. Latitude, Longitude and elevation values are used by other subsystems 
in the location system for calibration and estimation purposes. As base stations and/or receiver characteristics are added, deleted, or 
changed with respect to the network used for location purposes, this database table must be modified to reflect the current network 
configuration. 

Just as an upgraded base station may detect additional CDMA delay spread signals, newer or modified mobile stations may 
detect additional pilot channels or CDMA delay spread fingers. Additionally different makes and models of mobile stations may 
acquire improved receiver sensitivities, suggesting a greater coverage capability. The table below establishes the relationships among 
various mobile station equipment suppliers and certain technical data relevant to the location invention. 

Although not strictly necessary. The MIN an be populated in this table from the PCS Service Provider's Customer Care 
system during subscriber activation and fulfillment, and could be changed at deactivation, or anytime the end-user changes mobile 
stations. Alternatively, since the MIN, manufacturer, model number, and software revision level information is available during a 
telephone call, this information could extracted during the cad, and the remaining fields populated dynamically, based on 
manufacturer's' spetifiations information previously stored in the signal processing subsystem 20. Default values are used in cases 
where the MIN is not found, or where certain information must be estimated. 

A few pass mobile station filter, contained within the signal dassifier/low pass filter 9 of the signal processing subsystem 
20, uses the above table data to perform the following functions: I) act as a low pass filter to adjust the nominal assumptions related 
to the maximum number of CDNA fingers, pilots detectable; and 2) to determine the transmit power dass and the receiver thermal 
noise floor. Given the detected reverse path signal strength, the required value of SRS^ a corrected indication of the effective path 
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in the signal processing database 26. 

The effects of the maximum Number of CDHA fingers allowed and the maximum number of pilot channels allowed 
essentially form a low pass filter effect, wherein the least common denominator of characteristics are used to filter the incoming RP 
signal measurements such that a one for one matching occurs. The effect of the transmit power dass and receiver thermal noise floor 
values is to normalize the characteristics of the incoming Rf signals with respect to those RF signals used. 

The signal classifier/filter 20 is in communication with both the input queue 7 and the signal processing database 26. In 
the early stage of a location request the signal processing subsystem 142 in fig. 4, will receive the initiating location request from 
either an autonomous M-l notification message from a given HSC, or from a location application (for example, see Fig. 36), for 
which mobile station characteristics about the target mobile station 140 (Rg. I) is required. Referring to Fig. 30, a query is made 
from the signal processing controller 15 to the signal processing database 26, specifically the mobile station table 1 1, to determine if 
the mobile station characteristics associated with the NIN to be located is available in table II. if the data exists then there is no need 
for the controller IS to query the wireless network in order to determine the mobile station characteristics, thus avoiding additional 
real-time processing which would otherwise be required across the air interface, in order to determine the mobile station NIN 
characteristics. The resulting mobile station information my be provided either via the signal processing database 26 or alternatively 
a query may be performed directly from the signal processing subsystem 20 to the HSC in order to determine the mobile station 
characteristics. z 

Referring now to Fig. 31, a location application programming interface, L-API-CG 139 to the appropriate CMRS customer 
care system provides the mechanism to populate and update the mobile station table 1 1 within the database 26. The L-API-CCS 139 
contains its own set of separate input and output queues or similar implementations and security controls to ensure that provisioning 
data is not sent to the incorrect CMRS, and that a given CMRS cannot access any other CMRS* data. The interface MSSato the 
customer care system for CMRS-A 1 150a provides an autonomous or periodic notification and response application layer protocol 
type, consisting of add, delete, change and verify message functions in order to update the mobile station table 1 1 within the signal 
processing database 26, via the controller 15. A similar interface 1155b bused to enable provisioning updates to be received from 
CM RS-B customer care system 1 150b. 

Although the L-API-CG application message set may be any protocol type which supports the autonomous notification 
message with positive acknowledgment type, the Tl M I J group within the American National Standards Institute has defined a good 
starting point in which the L-API-CG could be implemented, using the robust OSI TMN X-interface at the service management layer. 
The object model defined in Standards proposal number TINI.5/96-22R9, Operations Administration, Maintenance, and Provisioning 
(OAMSP) - Model for Interface Across Jurisdictional Boundaries to Support Electronic Access Service Ordering: Inquiry Function, can 
be extended to support the L-API-CG information elements as required and further discussed below. Other choices in which the L- 
API-CG application message set may be implemented include ASCII, binary, or any encrypted message set encoding using the Internet 
protocols, such as TCP/IP, simple network management protocol, http, https, and email protocols. 
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provides a time series expansion method to convert noo-HBS data from a format of an signal measure data ensemble of time-series 
based radio frequency data measurements, collected as discrete time-slice samples, to a three dimensional matrix location data value 
image representation. Other techniques further filter the resultant image in order to furnish a less noisy training and actual data 
sample to the location estimate modules. 

After 128 samples fin one embodiment) of data are collected of the delay spread-relative signal strength Rf data 
measurement sample: mobile station RX for BS-I and grouped into a quantization matrix, where rows constitute relative signal 
strength intervals and columns define delay intervals. As each measurement row, column pair (which could be represented as a 
complex number or Cartesian point pair) is added to their respective values to generate a Z direction of frequency of recurring 
measurement value pairs or a density recurrence function. By next applying a grid function to each x, y, and z value, a three- 
dimensional surface grid is generated, which represents a location data value or unique print of that 1 28-sample measurement 

In the general case where a mobile station is looted in an environment with varied clutter patterns, such as terrain 
undulations, unique man-made structure geometries (thus creating varied multipath signal behaviors), such as a city or suburb, 
although the first CDMA delay spread finger may be the same value for a fixed distance between the mobile station and BS antennas, 
as the mobile station moves across such an arc, different finger-data are measured. In the right image for the defined BS antenna 
sector, location classes, or squares numbered one through seven, are shown across a particular range of line of position (LOP). 

A traditional TOA/TDOA ranging method between a given BS and mobile station only provides a range along the arc, thus 
introducing ambiguity error. However a unique three dimensional image can be used in this method to specifically identify, with 
recurring probability, a particular unique location class along the same Line Of Position, as long as the multipath is unique by 
positron but generally repeatable, thus establishing a method of not only ranging, but also of complete latitude, longitude location 
estimation in a Cartesian space. In other words, the unique shape of the "mountain image" enables a correspondence to a given 
unique location class along a line of position, thereby eliminating traditional ambiguity error. 

Although man-made external sources of interference, Rayleigh fades, adjacent and co-channel interference, and variable 
clutter, such as moving traffic introduce unpredictability (thus no "mountain image" would ever be exactly alike), three basic types 
of filtering methods can be used to reduce matching/comparison error from a training case to a location request case: I.) select only 
the strongest signals from the forward path (BS to mobile station) and reverse path (mobile station to BS), 2.) Convolute the forward 
path 128 sample image with the reverse path 128 sample image, ami 3.) process all image samples through various digital image 
filters to discard noise components. 

In one embodiment, convolution of forward and reverse images is performed to drive out noise. This is one embodiment 
that essentially nulls noise completely, even if strong and recurring, as long as that same noise characteristic does not occur in the 
opposite path. 

The third embodiment ortechnique of processing CDMA delay spread profile images through various digital image filters, 
provides a resultant "image enhancement" in the sense of providing a more stable pattern recognition paradigm to the neural net 
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recurrence values, so that the image's cumulative histogram is approximately linear. 

Other methods whkb can be used to compensate fora concentrated histogram include: I) Input Cropping, 2) Output 
Cropping and 3) Gamma Correction. Equalization and input cropping can provide particularly striking benefits to a CDMA delay 
spread profile image. Input cropping removes a large percentage of random signal characteristics that are non-recurring. 

Other fibers and/or filter combinations an be used to help distinguish between stationary and variable clutter affecting 
mutopath signals, for example, it is desirable to reject multipara fingers associated with variable dutter, since over a period of a few 
minutes such fingers would not likely recur, further filtering can be used to remove recurring (at least during the sample period), and 
possibly strong but narrow "pencils" of RF energy. A narrow pencil image component could be represented by a near perfect reflective 
surface, such as a nearby metal panel truck stopped at a traffic light 

On the other hand, stationary dutter objects, such as concrete and glass building surfaces, adsorb some radiation before 
continuing with a reflected ray at some delay. Such stationary dutter-affected CDMA fingers are more likely to pass a 4X4 neighbor 
Median filter as well as a 40 to SO percent Input Crop filter, and are thus more suited to neural net pattern recognition.. However 
when subjected to a 4X4 neighbor Median filter and 40 percent clipping, penal-shaped fingers are deleted. Other combinations 
indude, for example, a SO percent cropping and 4X4 neighbor median filtering. Other filtering methods indude custom linear 
filtering, adaptive (Werner) filtering, and custom nonlinear filtering. 

The DSP 17 may provide data emsemble results, such as extracting the shortest time delay with a detectable relative signal 
strength, to the router/distributor 23, or alternatively results may be processed via one or more image filters 19, with subsequent 
transmission to the router/distributor 23. The router/distributor 23 examines the processed message data from the DSP 17 and stores 
routing and distribution information in the message header. The router/distributor 23 then forwards the data messages to the output 
queue 21, for subsequent queuing then transmission to the appropriate (oration estimator FOMs. 



LOCATION CENTER HIGH LEVEL FUNCTIONALITY 

At a very high level the location renter 142 computes location estimates for a wireless Mobile Station 140 (denoted the 
"target MS" or "MS*) by performing the following steps: 

(23.1) receiving signal transmission characteristics of communications communicated between the target MS 140 and one or 
more wireless infrastructure base stations 122; 

(23.2) filtering the received signal transmission characteristics (by a signal processing subsystem 1220 illustrated in fig. S) as 
needed so that target MS location data can be generated that is uniform and consistent with location data generated from other 
target MSs 140. In particular, such uniformity and consistency is both in terms of data structures and interpretation of signal 
characteristic values provided by the MS location data; 
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^ ,p33) inputting the generated target HSIocatiort data tot (Moted rriifoftler modiis^ ^ ' 

or FOHs, and labeled coHeaivcly as 1224 in Fig. 5), so that each such model may use the input target MS location data for generating 
a "location hypothesis'* providing an estimate of the location of the target NS 140; 

(23.4) providing the generated location hypotheses to an hypothesis evaluation module (denoted the hypothesis evaluator 1228 in 
5 fig.5): 

(a) for adjusting at least one of the target MS location estimates of the generated location hypotheses and related 
confidence values indicating the confidence given to each location estimate, wherein such adjusting uses archival information related 
to the accuracy of previously generated location hypotheses, 

(b) for evaluating the location hypotheses according to various heuristics related to, for example, the radio coverage 
10 area 120 terrain, the laws of physics, characteristics of likely movement of the target MS 140; and 

(c) for determining a most likely location area for the target MS 140, wherein the measurement of confidence 
associated with each input MS location area estimate b used for determining a "most likely location area"; and 

(23J) outputting a most likely target MS location estimate to one or more applications 1232 (Fig. 10) requesting an estimate of 
the location of the target MS 140. 

15 Location Hypothesis Data Representation 

In order to describe how the steps (23.1) through (23.5) are performed in the sections below, some introductory remarks 
related to the data denoted above as location hypotheses will be helpful. Additionally, it will also be helpful to provide introductory 
remarks related to historical location data and the data base management programs associated therewith. 

For each target MS location estimate generated and utilized by the present invention, the location estimate is provided in a 
20 data structure (or object class) denoted as a "location hypothesis' 1 (illustrated in Table IH-I). Although brief descriptions of the data 
fields fora location hypothesis is provided in the Table LH-I, many fields require additional explanation. Accordingly, location 
hypothesis data fields are further described as noted below. 

Table LH-I 



FOHJD 


First order model ID (providing this Location Hypothesis); note, since it is possible for location 




hypotheses to be generated by other than the FOMs 1224, in general, this field identifies the 




module that generated this location hypothesis. 


MSJD 


The identification of the target MS 140 to this location hypothesis applies. 


pt_est 


The most likely location point estimate of the target MS 140. 


validpt 


Boolean indicating the validity of "pt_esf. 
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areajest 


" l^^feEfii^ of^^ H$ 140 provided by the f6m; This aisa estimate Will be 
wed whenever "image area 1 * below is NULL 


vafid_area 


Boolean indicating the validity of "area jst M (one of "pt_e st" and "area est" must be 
valid). 


adjust 


Boolean (true if adjustments to the fields of this location hypothesis are to be performed in 
the Context adjuster Module). 


pt_covering 


Reference to a substantially minimal area (enmesh all) covering of "pt est". Note, since 
this HS 140 may be substantially on a cell boundary, this covering may, in some cases, include 
more than one cell 


imagearca 


Reference to a substantially minimal area (eg., mesh cell) covering of "pt covering" (see 
detailed description of the function, "confidence adjuster"). Note that if this field is not 
NULL, then this is the target HS location estimate used by the location center 142 instead of 
"areaest". 


extrapolation_area 


Reference to frf non-NULL) an extrapolated MS target estimate area provided by the location 
extrapohtorsubmodule 1432 of the hypothesis analyzer 1331 That is, this field, if non-NULL, 
is an extrapolation of the "image area" field if it exists, otherwise this field is an 
extrapolation of the "area _est" field. Note other extrapolation fields may also be provided 
depending on the embodiment of the present invention, such as an extrapolation of the 
"ptcovering". 


confidence 


A real value in the range [-1.0, + 1.0] indicating a likelihood that the target MS 140 is in (or 
out) of a particular area. If positive: if "imagejirea" exists, then this is a measure of the 
likelihood that the target MS 140 is within the area represented by "image area", or if 
"image^a" to not been computed (e*, "adjust" is FALSE), then "area _est" must be 
valid and this is a measure of the likelihood that the target MS 140 is within the area 
represented by "area_est w . II negative, then "area _est" must be valid and this is a measure 
of the likelihood that the target MS 140 is NOT in the area represented by "areaest". If it is 
zero (near zero), then the likelihood is unknown. 


OriginafTimestamp 


Date and time that the location signature cluster (defined hereinbelow) for this location 
hypothesis was received by the signal processing subsystem 1220. 


Activejimestamp 


Run-time field providing the time to which this location hypothesis has had its HS location 
40 
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estimate(s) extrapolated (in the loation eitrapobtor 1432 oftte hypothesis airalyrer 1332): 
Note that this field is initialized with the value from the ^Original^mestamp" field. 


Processing Tags ami environmental 
categorization* 


For indicating particular types of environmental classifications not readily determined by the 
"Original Jimestamp" field (e.g., weather, traffic), and restrictions on location hypothesis 
processing. 


bc_«Lclu$ter 


Provides access to the collection of location signature signal characteristics derived from 
communications between the target MS MO and the base station(s) detected by this N$ 
(discussed in detail hereinbebw); in particular, the location data accessed here is provided to 
the first order models by the signal processing subsystem 1220; i j„ access to the "loc sigs" 

/received at *timPStanin M RWnrHimr th* Ifwraftnn nf fkfl Hn«# MC\ 

^in.circu a i umciMjiip rcgdnjing we location oi lire Target nij 


descriptor 


Original descriptor (from the first order model indicating why/how the Location Area Estimate 
and Confidence Value were determined). 



As an be seen in the Table IH-I , each location hypothesis data structure includes at least one measurement, denoted 
hereinafter as a confidence value (or simply confidence), that is a measurement of the perceived likelihood that an MS loation 
estimate in the loation hypothesis b an accurate location estimate of the target MS 140. Since such confidence values are an 
important aspect of the present invention, much of the description and use of such confidence values are described below; however, a 
brief description is provided here. Each such confidence value is in the range rl J to 1.0. wherein the larger the value, the greater the 
perceived likelihood that the target MS 140 is in (or at) a corresponding MS loation estimate of the loation hypothesis to which the 
confidence value applies. As an aside, note that a loation hypothesis may have more than one MS nation estimate (as will be 
discussed in detail below) and the confidence value will typically only correspond or apply to one of the MS loation estimates in the 
loation hypothesis, further, values for the confidence value field may be interpreted as: (a) -1.0 may be interpreted to mean that 
the target MS 140 is NOT in such a corresponding MS area estimate of the loation hypothesis area, (b) 0 may be interpreted to mean 
that it is unknown as to the likelihood of whether the MS 140 in the corresponding MS area estimate, and (c) + 1.0 may be 
interpreted to mean that the MS 140 is perceived to positively be in the corresponding MS area estimate. 

Additionally, note that it is within the scope of the present invention that the loation hypothesis data structure may also 
include other related "perception" measurements related to a likelihood of the target MS 140 being in a particular MS loation area 
estimate, for example, it b within the scope of the present invention to also utilize measurements such as, (a) "sufficiency factors" 
for indicating the likelihood that an MS loation estimate of a loation hypothesis b sufficient for locating the target MS 140; (b) 
"necessity factors" for indiating the necessity that the target MS be in an particular area estimate. However, to more easily describe 
the present invention, a single confidence field b used having the interpretation given above. 
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v Additionally; in titifizinglocatbn hypotheses^ 
to keep in mind that each location hypothesis confidence value is a relative measurement That is, for confidences, cf f ami d* if d, 
< = dj, then for a location hypotheses H, and H, having d t and dj, respectively, the target HS 140 h expected to more likely reside 
in a target MS estimate of Hj than a target HS estimate of H,. Moreover, if an area, A, is such that it is included in a plurality of 
location hypothesis target MS estimates, then a confidence score, CS A , can be assigned to A, wherein the confidence score for such an 
area is a function of the confidences (both positive and negative) for all the location hypotheses whose (most pertinent) target MS 
location estimates contain A. That is, in order to determine a most Bkely target MS location area estimate for outputting from the 
location center 142, a confidence score is determined for areas within the location center service area. More particularly, if a function, 
T, is a function of the confidence(s) of location hypotheses, and f is a monotonia function in its parameters and f(cf„ d* d 3 , _ , 
da) = CS A for confidences d, of location hypotheses i= l,2^N, with Q A contained in the area estimate for H-„ then T is 
denoted a confidence score function. Accordingly, there are many embodiments for a confidence score function f that may be utilized 
in computing confidence scores with the present invention: fcg„ 

Ml{d h cWU»S4»Cb 
(bjf^cf^d,,) = Sd; n = CS A ,n = 1.3,5..-; 

W f (<*L - ► d«) = S (H * di) = C5 A , wherein i = 1, 2, _ are positive system (tunable) constants (possibly 
dependent on environmental characteristics such as topography, time, date, traffic, weather, ami/or the type of base station(s) 122 
from which location signatures with the target MS 140 are being generated, etc). 

For the present description of the invention, the function f as defined in (c) immediately above is utilized. However, for 
obtaining a general understanding of the present invention, the simpler confidence score function of (a) may be more useful. It is 
important to note, though, that it is within the scope of the present invention to use other functions for the confidence score function. 

Coverage Area: Area Types And Their Determination 

The notion of "area type** as related to wireless signal transmission characteristics has been used in many investigations of 
radio signal transmission characteristics. Some investigators, when "investigating such signal characteristics of areas have used 
somewhat naive area classifications such as urban, suburban, rural, etc However, it is desirable for the purposes of the present 
invention to have a more operational definition of area types that is more closely associated with wireless signal transmission 
behaviors. 

To describe embodiments of the an area type scheme used in the present invention, some introductory remarks are first 
provided. Note that the wireless signal transmission behavior for an area depends on at least the following criteria: 

(23.8.1) substantially invariant terrain characteristics (both natural and man-made) of the area; e.g., mountains, 

buildings, lakes, highways, bridges, building density; 
(23.82) time varying environmental characteristics (both natural and man-made) of the area; e.g., foliage, traffic, 

weather, special events such as baseball games; 
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- (23JJ) wireless communication ampbnerits or infrastructure in the area; e^; thewai^TOnt and sigi^l^ ~ 
communication characteristics of the base stations 122 in the area. Further, the antenna characteristics at the base 
stations 122 may be important criteria. 

Accordingly, a description of wireless signal characteristics for determining area types could potentially include a 
characterization of wireless signaling attributes as they relate to each of the above criteria. Thus, an area type might be: hilly, treed, 
suburban, having no buildings above SO feet, with base stations spaced apart by two mites. However, a categorization of area types 
is desired that is both more closely tied to the wireless signaling characteristics of the area, and is capable of being computed 
substantially automatically and repeatedly over time. Moreover, for a wireless location system, the primary wireless signaling 
characteristics for categorizing areas into at least minimally similar area types are: thermal noise and, more importantly, multipart 
characteristics (e.g n multipart fade and time delay). 

Focusing for the moment on the multipart characteristics, it is believed that (23J.I ) and (23J3) immediately above are, 
in general, more important criteria for accurately locating an MS 140 than (23 &2). That is, regarding (23.8.1), multipart tends to 
increase as the density of nearby vertical area changes increases. For example, multipart is particularly problematic where there is a 
high density of high rise buildings and/or where there are dosely spaced geographic undulations. In both cases, the amount of 
change in vertical area per unit of area in a horizontal plane (for some horizontal reference plane) may be high. Regarding (23.83), 
the greater the density of base stations 122, the less problematic multipart may become in locating an MS 140. Moreover, the 
arrangement of the base stations 122 m the radio coverage area 120 in Fig. 4 may affect the amount and severity of multipart. 

Accordingly, it would be desirable to have a method and system for straightforwardly determining area type classifications 
related to multipart, and in particular, multipart due to (23.8.1) and (23 A3). The present invention provides such a 
determination by utilizing a novel notion of area type, hereinafter denoted "transmission area type" (or, "(transmission) area type" 
when both a generic area type classification scheme and the transmission area type discussed hereinafter are intended) for classifying 
"similar areas, wherein each transmission area type class or category is intended to describe an area having at least minimally 
similar wireless signal transmission characteristics. That is, the novel transmission area type scheme of the present invention is based 
on: (a) the terrain area classifications; eg., the terrain of an area surrounding a target MS 140, (b) the configuration of base stations 
122 in the radio coverage area 120, and (c) characterizations of the wireless signal transmission parts between a target MS 140 
location and the base stations 121 

In one embodiment of a method and system for determining such (transmission) area type approximations, a partition 
(denoted hereinafter as P 0 ) is imposed upon the radio coverage area 120 for partitioning for radio coverage area into subareas, 
wherein each subarea b an estimate of an area having included MS 140 locations that are likely to have is at least a minimal amount 
of similarity in their wireless signaling charaoeristia To obtain the partition P 0 of the radio coverage area 120, the following steps 
are performed: 

(23.8.4.1) Partition the radio coverage area 120 into subareas, wherein in each subarea is: (a) connected, (b) variations in 
the lengths of chords sectioning the subarea through the antroid of the subarea are below a predetermined 
threshold, (c) the subarea has an area below a predetermined value, and (d) for most locations (e.g„ within a first 
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- or second deviation) within the abaca whose wireless signaling timm&imWtvffititft ti$8jffi£ 
wHhmafirst or second deviation ) that an MS 140 at one of these lotatiom will detect (forward transmission path) 
and/br will be detected (reverse transmission path) by a same collection of base stations 122. For example, in a 
COMA context, a first such collection may be (for the forward transmission path) the active set of base stations 
122, or, the union of the active and candidate sets, or, the union of the active, candidate and/or remaining sets of 
base stations 122 detected by "most" HSs 140 in . Additionally (or alternatively), a second such collection may be 
the base stations 122 that are expected to detect MSs 140 at locations within the subarea. Of course, the union or 
interjection of toe first and second collections is also within the scope of the present invention for partitioning the 
radio coverage area 120 according to (d) above. It is worth noting that it is believed that base station 1 22 power 
levels will be substantially constant, However, even if this is not the case, one or more collections for (d) above 
may be determined empirically andybr by computationally simulating the power output of each base station 122 at 
a predetermined level. Moreover, it is also worth mentioning that this step is relatively straightforward to 
implement using the data stored io the location signature data base 1320 (Le, the verified location signature 
clusters discussed in detail hereinbelow). Denote the resulting partition here as P,. 
(23M2) Partition the radio coverage area 120 into subareas, wherein each subarea appears to have substantially 
homogeneous terrain characteristics. Note, this may be performed periodically substantially automatically by 
scanning radio coverage area images obtained from aerial or satellite imaging. For example, EarthWatch Inc. of 
longmont. CO can provide geographic with 3 meter resolution Irom satellite imaging data. Oenote the resulting 
partition here as P h 

(23.8.4.3) Overlay both of the above partitions of the radio coverage area 120 to obtain new subareas that are 

intenectiotts of the subareas from each of the above partitions. This new partition is P 0 (Le., P 0 = p, intersect 
P]), and the subareas of it are denoted as "P 0 subareas". 
Now assuming P 0 has been obtained, the subareas of P 0 are provided with a first classification or categorization as follows: 
(23 J.4.4) Determine an area type categorization scheme for the subareas of P,. For example, a subarea, A, of P„ may be 
categorized or labeled according to the number of base stations 122 in each of the collections used in (23.8.4.l)(d) 
above for determining subareas of P,. Thus, in one such categorization scheme, each category may correspond to 
a single number x (such as 3), wherein for a subarea, A, of this category, there is a group of x (e.g„ three) base 
stations 122 that are expected to be detected by a most target MSs 140 in the area A. Other embodiments are also 
possible, such as a categorization scheme wherein each category may correspond to a triple: of numbers such as 
(S, 2, 1), wherein for a subarea A of the categoty, there is a common group of 5 base stations 122 with two-way 
signal detection expected with most locations (e.g„ within a lint or second deviation) within A, there are 2 base 
stations that are expected to be detected by a target MS 140 in A but these base stations can not detect the target 
MS, and there is one base station 122 that is expected to be able to detect a target MS in A but not be detected. 
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... .v. (23.8.4i) Determinean area type categorization scheme for the subareas of Pj. Note that the subareas of tj may 

categorized according to their simihrities. In one embodiment, such categories may be somewhat similar to the 
naive area types mentioned above (e.g„ dense urban, urban, suburban, rural, mountain, etc). However, it is also 
an aspect of the present invention that more precise categorizations may be nsed, such as a category for all areas 
laving between 20,000 and 30,000 square feet of vertical area change per 11,000 square feet of horizontal area 
and also having a high traffic volume (such a category likely corresponding to a "moderately dense urban" area 
type). 

(23 A4.6) Categorize subareas of P 0 with a categorization scheme denoted the "P 0 categorization," wherein for each P 0 
subarea, A, of P 0 a "P 0 area type* is determined for A accord ing to the following substep(s): 

(a) Categorize A by the two categories from (23 AAA) and (23ii) with which it is identified. Thus, A is 
categorized (in a corresponding P 0 area type) both according to its terrain and the base station 
infrastructure configuration in the radio coverage area 120. 
(23.8 .4.7) For each P 0 subarea, A, of P 0 perform the following step(s): 

(a) Determine a centroid, C(A), for A; 

(b) Determine an approximation to a wireless transmission path between C(A) and each base station 122 
of a predetermined group of base stations expected to be in (one and/or two-way) signal 
communication with most target HS 140 locations in A. For example, one such approximation is a 
straight fine between C(A) and each of the base stations 1 22 in the group. However, other such 
approximations are within the scope of the present invention, such as, a generally triangular shaped 
area as the transmission path, wherein a first vertex of this area is at the corresponding base station 
for the transmission path, and the sides of the generally triangular shaped defining the first vertex 
have a smallest angle between them that allows A to be completely between these sides. 

(c) For each base station 122, BSj, in the group mentioned in (b) above, create an empty list. BSplist, and 

put on this list at least the P„ area types for the "signif font" P 0 subareas crossed by the 
transmission path between C(A) and BS- r Note that "significant" P 0 subareas may be defined as, for 
example, the P 0 subareas through which at least a minimal length of the transmission path traverses. 
Alternatively, such "significant" P 0 subareas may be defined as those P 0 subareas that additionally 
are know or expected to generate substantial multipath. 

(d) Assign as the transmission area type for A as the collection of BSj-lists. Thus, any other P 0 subarea 

having the same (or substantially similar) collection of lists of P 0 area types will be viewed as having 
approximately the same radio transmission characteristics. 
Note that other transmission signal characteristics may be incorporated into the transmission area types, for example, 
thermal noise characteristics may be included by providing a third radio coverage area 120 partition, P 3l in addition to the partitions 
of P, and P 2 generated in (23.8.4.1) and (23.BA2) respectively. Moreover, the time varying characteristics of (23.8 2) may be 
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■^incorporated in me aansrr^^ 

transmission area type for a given subarea of P 0 may change depending on the combination of time varying environmental 
characteristics to be considered in the transmission area types. For instance, to account for seasonality, four versions of the partitions 
P, and P, may be generated, one for each of the seasons, and subsequently generate a (potentially) different partition P„ for each 
season. Further, the type aml/archaracteriitia of base station 122 antennas may also be included in an embodiment of the 
transmission area type. 

Accordingly, in one embodiment of the present invention, wheneverthe term "area type" is used hereinbekrw, 
transmission area types as described hereinabove are intended. 

Location Information Data Bases And Data 



Location Data Bases Introduction 

ItBanaspeaofthepresemrnverrtiontha 
better at beating a target MS 140 both by (a) IwiHing an increasingly nioredeti^ 
servo area for the peseminrent^ 
changes. 

ft» way these as|iects of die presem invent 

bases foe 

(a) str^arrf associating vrirete MS si^ 

daraderistia Such stored associations may wonrypnwide an increasingly bettwn^ 

SBvnarea,bmalM|)twideanirneasin^ 

weather, seasons, andAtr traffic patterns; 

(b) adar^lytrptotirstte signal c^^ 
area such as, (or example, a new high rise buldirrgora new highway. 

Referring again to Fig. S of the affective representation of these datt bases h the baton 
among tteae data bases b a data base for providing training amVbr caltoauoo daa to ore or more trairableMibratable FOMs 1224, as weH 
as an archival (lata lase for atdiiving 

(fisenssed as necessary hereinbefew. Hov«ver,afortfierbriefinrjodat»nmthea Accordingly, the term, 

TocatJon signature data base" * used hereinafter to denote the archival data base and/or data base management system depending on the 
onteaoftre discussion. The location signature data base (shown in. for example. F^. 6 and bbecd 1320) is a repository for wireless signal 
characteristic data derived from wireless signal commurdcatiora between an m 140 arrf ore or rnore F^ sations 1 22, wherein the 
arrespondmg Nation ol the HS 140 is known and also stored in the location signature data base 1320. More particularly, the location 
^natoredata bare 1320 associattseacn such 
ormrnrniatjons between the MS MOand ore orrnore rare staforolHatM 
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described in detail in other sections below. 

Data Representations (or the Location Signature Data Base 

There are four fundamentai eiitir/ types {orobject dasses in an objettoriented prograniming paradigm) ot&ed in the bcitbn 
5 signature data base 1320. Briefly, these data entities are described in the items (24.1) through (24.4) that follow: 
(24J) WbofcnsigiBt^ 

b«^agi»enbasestatkw(e^KI22orLB$l52)art 
signature. That is, a verified k^nsign^ 

wlfctintplyalocationsigi^ Hotetlatte term (verT^ location 

signature is also denoted by the abbreviation, "(verified) be Jig" nereinbebw; 

(242) (verTed)loca»nsignature dusters: Each such (verified) location signature oWrndudu a <oll^ 
sgnatuftsorresporriingtoafltheloc^ 
foa«tionai 1 deachB$(e fr l22orl52)tamvrt^tte 
tte target HS^forffiMA, regardless of whetted 
waitn*rstand>Note« 

which the target HS 140 syndmmonor obtains its timing; j 

(243) M °"^l«ationobj^ 

objeaof thb type isacDtleaionof (vetified) location signature ifiatarea^tedwitfithe same MS IWatsabaantially the same botionat 
the sane turn and each such iocsig bassoriated with a diffennt base statioa However, tterehnore#ementtl«alocsigf ro me a cbBJ 
1 22 for whkh the MS 1 40 can delect the BTs pilot channel b ind tided m the "aimposite location objea (or and 

(244) MSb^nestin^ndatatha 

l224snthMSIrxat»nefflinatedatabdtscribrf 

ou^bvdwa^fitaringandn^^ 
b».«t«,oal22(B$)^0i)amol*,t^t4O(H$).wh^ U «B$',locati 

d^altl^tlwm^marorn^nottekno^^ 

«<*^*« be dtnpted*. location 

In partkubr, for each (verified) loc sig induces the following: 
(25J) HS_type: the mate and model of the target HS 140 associated with a location signatore instantiation; not. that the typeof MS 
Mcanatolederivedfromto^ 

askfe.foratteastCDMA.thei)fpe()fMSI40piDykles 
one sidled in the will appreciate. 

47 



20 



25 



30 



WO 98/10307 



PCTYUS97/15892 



(2S2yBS jd: in identification of the to station Itffoi^ 
(253) HSJoc a representation tfageogra^ 

signal characteristics between the associated (location) base station and MS 140 were received. Tim is, if the "verified flag" 

attribute (discussed below) is TRUE, then this attribute includes an estimated location of die target HS. If verified Jag is 

FALSE, then this attribute has a value indicating "location unknown". 

Note "MS Joe" may indude the following two subfieHs: an area within which the target MS is presumed to be, and a 

point location (tg^ a latitude and longitude pair) where the target MS is presumed to be (in one embodiment this is the 

centroid of the area); 

(25.4) verified Jag: a flag for determining whether the be sig has been verified; Le, the value here is TRUE iff a location of MS_loc 
las been verified, FALSE otherwise. Note, if this field is TRUE (Le n the loc sig is verified), then the base station identified by 
BS Jd is the current primary base station for the target MS; 

(255) confidence: a value indicating how consistent this loc sig is with other loc sigs in the location signature data base 1320; the 
value for this entry is in the range [0, 1] with 0 corresponding to the lowest (i no) confidence and I corresponding to the 
highest confidence. That is, the confidence factor is used for determining bow consistent the be sig is with other "similar" verified 
be sigs in the location signature data base 1 320, wherein the greater the confidence value, the better the consistency with other be 
sigs in the data base. Note that similarity in this context may be operationafized by at least designating a geographic proximity of a 
be sig in which to determine if k is simitar to other be rigs in this designated geographic proximity andA>r area type (e{^ 
transmission area type as elsewhere herein). Thus, environmental characteristics may also be used in determining similarities such as: 
simifartimeoforainence(e^ similar weather (eg, snowing, raining, etc). Note, these latter 

characteristics are different from the notion of geographic proximity since proximity may be only a distance measurement about a 
bcatbitNoteabothatabc^ 
location hypotheses generated by the FOMs 1224. 

(25.6) timestamp: the time and date the be sig was received by the associated base station of BSJd; 

(25.7) signal topography characteristics: In one embodiment, die signal topography characteristics retained can be represented as 

characteristics of at least a two-dimensional generated surface. That is, such a surface is generated by the signal processing 
subsystem 1220 from signal characteristics accumulated over (a relatively short) time interval. For example, in the two-dimensional 
surface case, the dimensions far the generated surface may be, for example, signal strength and time delay. That is, the 
accumulations over a brief time interval of signal characteristic measurements between the BS 122 and the MS 140 (associated with 
the be sig) may be classified according to the two signal characteristic dimensions (tg„ signal strength and corresponding time 
delay). That is, by sampling the signal characteristics and classifying the samples according to a mesh of discrete cells or tens, 
wherein each cell correspond*! to a different range of signal strengths and time delays a tally of the number of samples falling in the 
range of each cell can be maintained. Accordingly, for each cell, its corresponding tatty may be interpreted as height of the cell, so 
that when the heights of aO cells are considered, an undulating or mountainous surface is provided. In particular, for a cell mesh of 
appropriate fineness, the "mountainous surface", is believed to, under most circumstances, provide a contour that is substantially 
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• « -•■ unique to the bcatkm of the target MS 140.^ Note that in on embodBneitt. the s^nal sanqjfes arc tnntalV obtamol throughout a " 
predetermined signal sampling time interval of 2-5 seconds as a discussed elsewhere in this specification. In particular, the signal 
topography char acter istics retained for a loc sig include certain topographical tharaderistia of such a generated mountainous 
surface. For example, each l« s^ may include: for eadi local m^ 
threshold, the (signal strength, tine deb/) coordinates of the cdl of toe btalr^ 

ntaximum. Additionally, cemin gradients may also be induded fcr characterizing the "steepness" of the surface mountains. 
Moreover.rotethatmsomeemrjodin^ Thus, the data retained for 

each selected local maximum can indode a quadruple of signal strength, time delay, height and frequency. Further note that the data 
types here may vary. However, for simpkky, in parts of the description of be sig processing related to the signal characteristics 
here, its assumed that the signal charaderbtk tonography data struck 
(25i)quarrty_obj: signal quality (or error) measurements, tg, Eb/No values, as one skilled in the art will understand; 

(25.9) noise jjeSTng: noise ceiling values used in the initial filtering of noise from the signal topography characteristics as provided by the signal 

processing subsystem 1220; 

(25.1 0) powerjevefc power levels of the base station (tg ,122 or 152) and MS 140 for the signal measurements; 

(25.11) tnrarig_erron an estimated (or maximum) timing error between the present (associated) BS (e^ an infrastructure base station 122 or 

a location base station 152) detecting tfe target HS 140 and the ra^ Note that if the BS 

l22aHodatedwiththebciigbtheprim^ 
(25J2)duster_ptna pointer to the location signature compaste entity to which this loc s'rg belongs. 

(25J3) tepeatabiK TRUE iff the bctig is **repeataWe" (as described tereinafter). FAISE otfieiwe. Note that each veriTred loc sig b des^nated 
as either "repeatabfe" or "random". A be sig is repeatable rf the (verifiedAnown) notion associated with the be sig is such that 
signal characteristic measurements between the associated BS 122 and this MS can be either replaced at periodic time intervals, or 
updated substartolfy on demand^ 

associated HS 140 (or a comparable HS) at the verifiedAnown location. Repeatable be sigs may be. for example, provided by 
stationary or fixed nation Mb 140 (tg, fixed location transceivers) distributed within certain areas of a geographical region 
serviced by the location center 142 lor providing HS bcation estimates. That b. rt b an aspect of the present invention that each such 
stationary HS 140 can be contacted by the baton amter 142 (via the base statnns of the wire 
any tbw fwprovitfnga riewaito^ 

the transceiver. Alternatively, repeatable be tigs may be obtained by, forexampk. obtaining bcation signal measurements manually 
from workers who regularly traverse a predetermined route through some portion of the radio coverage area; Le, postal workers (as 
will be described in more deal hereinbelow). 

A be ag is random "rf the be sig b not repeatable. Random Ik sigs are obtained, fore^ 

target HS bcation once the HS 140 has been heated. Such vefifrafjom may be arxompfished by, for example, a vehicle having one or 
more bcation verifying devices such as a GPS receiver and/or a manual bcation input tapabtTrty becoming sufficiently close to the 
located target HS 140 so that the location of the vebkfe may be associated with the wireless signal characteristics of the MS 140. 
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purpose than to verify be sigs, pofac can, ambulances, fire trades, rescue units, courier services and taxis; andybr (b) vehides 
wtoseprimaypurpraisto^ Additionally, vehicles having both wireless 

transceiver* and location verifying devices may provide the location arter 142 with random ioc sigs. Note f arepeataMebcsigmay 
become a random be s$ if an HS 140 at the baton associated with te^ 
H$ 140 is removed from its verified beaten art therefore 

AddhionaOy.note that at leastbone embody 
generated for the (forwanOsignah from tte 

atenmwly, the fim surface may be erA^ 122 
(denoted the reverse signals). 

Additionally, in some embodiments the location hypothesis may include an estimated error as a measurement of perceived accuracy 
madditbntoorasasuhstitu^ 
providingareasonforthe vahesof oneornmrf 

the confidence value is low, or provide an indication that the wireless signal measurements used had a bw signal to noise ratio. 
Locsigs have the following functions or object methods associated therewith: 

(26.1) A "normalization" method for normalizing be sig dataaca^^ 

generating characteristics. That is, the signal processing subsystem 1220, or» embodiment being described hi die PQ patent 
application tided, "Wireless Location Using A Plurality of Commercial Network Infrastructures,* by F. W. LeBlanc and the present 
iroentor(s), provides (methods for be sig objects) for "rarmafizing" each be sig so that variations in signal characteristics resulting 
from variations in (for example) MS signal processing and generating characteristics of different types of MPs may be reduced. In ' 
particular, since wireless neM^ 

substantially common minimum set of performance characteristics, the norma5zation methods provided here transform the be sig 
data so that it appears as though the be sig was provided by a ammon hand tt^ 

provided to "normartte" abesigsothatitmaybeco mpared with be sigs obtained from other types of HS's as we D. Note that such 
normalization techniques indode, for example, interpolating and extrapolating according to power levels so that be sigs may be 
normalized to the same power level for, tg^ comparison purposes. 
Normafization for the BS 122 associated with a be sig is similar to the rormafe^ 

characteristics. Just as with the MS normafization, the signal processing subsystem 1220 provides a be sig method for "normafizing" 
be sigs according to base station signal processing and generating characteristics. 

Note, however, be sigs stored in the location signature data base 1320 arc NOT "normalized" according to either MS or 
BS signal processtr^ and generatir^ cbanaoeristia. Thatis, "raw* values of the wireless signal characteristics are stored with each 
be sig in the location signature data base 1 320. 
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(262) A method for determining the -area type" corresponding to the signal transmission characteristics of the area(sy Ift^Wassbdater 
BS I22amltheassoriatedmi40bctt™^ 

for dBtermining transmission area types as described hereinabove. / \ 

associated BS 1 22 and the associated MS 140 location for the be sig-W, a noise value indicating the anwmttofii^^^w such an 



area. 



Referring mm to the composite location objem and verified locations^ 
following information is contained in these aggregation objects 

(27.1.1) an kfemification of the BS 122 designated as the primary base station for communicating with the target MS 140; 

(27.12) a reference to each be sig m the location s^nature data base 1320 that is for the same MS bcatnn at substandalty the same time with 

the primary BS as identified in (27.1); 
(27JJ) an identify 

measurements are obtained. Note that in one embodiment, each composite location object indudes a bit string having a 
corresponding bit for each base station, wherein a Tfw 

the MS, and a T indicates that the base station was not identified. In an alternative embodiment, additional location signal 
measurements may also be induded from other non-primary base stations. For example, the target MS 140 may communicate with 
other base stations than it's primary base station. However, since the timing for the MS 140 is typically derived from it's primary 
base statio n and since timing synchronization between 1^ 

plus or minus I microsecond^ least some of the location signal measurements may be less reliable that the measurements from the 
primary base station, unto a forced hand-off technique is used to efimmate system timing errors among relevant base stations; 
(2714)a©mptenessde^ 

invalidated in) the location signature data base 1320. 



Hote,a verified composite location object is designated as "incomplete" if a besig initially referenced by the verified composite 
location object is deleted from the taatkm signature database^ 

s?s for a composite location object are deleted, then the composite object is also deleted from the location spature data base 1320. Also note 
that common fields between be sigs i^r^ by the same composite bati^^ 
(e«g«, timestamp, etc.). 

Acnmfingly, a composite baton object that is complete (Le, not incomplete) is a verified location signature duster as described in 

m 
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^Overview of Location Center-Functional Components * — — -- -- - ^.^^....r^i**.'.^ 



Fig. 5 pnsents a high fewl diagram of the location center 142 arid the bationej^ 
entire location system of the present invention. 

It is important to note that the aictutecture for the location center 142 and the location ei^ine 139 provided by the present 
tnventMnhdesignedforejctenj^ 

become available and as enhanced IB location techniques become available. In addressing the design goals of extensMhy and flexibility, the 

Itt^levdaidjitectiireforBeMiatingairf 

groups deserted hereinbdow. 

low Level Wireless Signal Processing Subsystem for Receiving and Conditioning Wireless Signal Measurements 

A first functional group of location engine 139 modules is for performing signal processing and filtering of MS location signal data 
reaived from a conventional wireless (e^ , COMA) infrastructure, as discussed in the steps (23.1) and (23.2) above. This group is denoted the 
signal processing subsystem 1220 herein. One embodiment of such a subsystem is described in the PO patent application titled, "Wireless 
Location Using A Plurality of Commercial Network Infrastructures," by F. W. LeBtanc and the present inventory). . 

Initial Location Estimators: First Order Models 

A second functional group of location engine 139 modules is for generating various target MS 140 loatnn mitial estimates, as 
described in step (233). AaDnfmsl/, the modules here toe input provided by the signal processing subsystem 1220. This second functional 
group includes one or more signal analysis modules or models, each hereinafter denoted as a first order model 1224 (FOM). for generating 
location hypotheses for a target MS 140 to be located. NorethatitbintendedthateachsuchFOM l224useadifferenttechniquefor 
determining a location area estimate for the target MS 140. A brief description of some types of first order models is provided immediately 
below. Mote that fig. 8 ulustratesanother, more detaU view of the location system for the present mvention. In particular, this figure illustrates 
some of the FOMs 1224 contemplated by the present invention, and addhkmauy iDustrates the prirnaiy coinmimicatiom with other modules of 
the location system for the present invention. However, it is important to note that the present invention b not limited to the FOMs 1 224 shown 
and discussed herein. That is, it is a primary aspect of the present invention to easily incorporate FOMs using other signal processing and/tor 
computational location estimating techniques than those presented herein. Further, note that each FOM type may have a plurality of its models 
incorporated into an embodiment of the present invention. 

ForexampMaswulbedescdiedm^^ 1224 (hereinafter modeb of this type are 

refmdroas"dis&wnxKfeb")n^ 

djt^i^nbetween the target MS 140 from each of one or more base stations. Basically, such distance models 1224 determine a location 
estimate of the target MS MO^r determining a distance dftset from each of one or inore 1^ stations 122^ po^^ ^ 
from each (some of) the base stations, so that an intersection of each area bcus defined by the base station offsets may provide an estimate of 
the location of the target MS. Distance model FOMs 1224 may compute such offsets based ore 
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.... (a) agidthnh^iiieasi^to mobile station 140 ail bra of more tase stations 122; timing ' "" ^ A tK 

measurements such as time difference of arrival (TDQA), or time of arrival (TOA). Note that both forward and reverse signal 
path timing measurements ma/ be utilized; 

(b) signal strength measured 

(c) signal angle of arrival measurements, or ranges thereof, at one or more base stations 122 (such angles and/or angular ranges 

provided by, <Lg„ base station antenna sectors having anguhr raises of 120° or 60°,or, so aBed "SMART antennas" with 
variable angular transmission ranges of 2° to 120°). 
Acrordingiy, a distanced 

point location for an estimate of the target MS 140. Additionally, in some embodiments location hypothesis may indode an estimated error 

Another type of POM 1224 is a statistically based first order model 1224, wherein a statistical technique, such as regression 
tedmiq ues (e*, least squares, partial least squares, principle decomposition), or e*, BoDenger Bands (e^ for computing minimum and 
maximum base station offsets). In general, models of this type output location hypotheses determined by performing one or more statistical 
techniques or comparisons between the verified location signatures in location signature data base I320,and the wireless signal measurements 
from a target MS. Models of this type are also referred to hereinafter a "stochastic signal (fust order) moder or a "stochastic FOM" ora 
"statistical modeL" 

StiD another type of F0MI224bm 
may be trained to recognize oraxsociale each of a plurafity of tocatiom with a corresponding at of signal dtaractEristia for ommunkations 
between the target MS 140 (at the location) and the base stations 1 22. Moreover, typkaBy such a FOM is expected to accurately 
mterpobte^xtrapoiate target 140 location estimates from a set of signal chaiacteistics from ao unknown target HS 140 location. Models 
of tins type are also referred to hereinafter variously as "artificial neural net models" or "neural net models" or "trainable models* or 
"learning models." Note that a related type of FOM 1 224 is based on pattern recognition. These FOMs can recognize patterns in the signal 
characteristics of communications between the target MS 140 (at the location) and the base stations 1 22 and thereby estimate a location area 
of the target MS. However, such FOMs may not be trainable. 

Yet another type of FOM 1224 can be based on a collection of dispersed low power, low cost fixed location wireless transceivers (also 
denoted "location base stations 152" hereinabove) that are provided for detectinga target MS 140 in areas where, eg, there is insufficient base 
station 122 infrastructure coverage for providing a desired level of MS 140 location accuracy. For example, it may uneconomical to provide high 
traffic wireless voice coverage of a ty|wa} wireless base station 122 tna nature preserve orat a btr ground ttet b onl/ populated a few days out 
of the year. However.if such low cost location base statiom 152 canted 

the present type, then these location base statiora can be used to both batkin a target HS 140 and also provide indications of where the target 
MS s not Forexampk, if there are location base stations 152 populating an area where the target MS 140 is presumed to be, then by activating 
these location base stations 152, evidero may be obtained as to whetted 

detected by a location base station 1 52, then a corresponding location hypothesis having a location estimate corresponding to the coverage area 
of the location base station may have a very h^hcDnfidenGevakie. Altenoov^/rf thetargetNS l40bnotdeteaedbyakxBttonbasestatbn 
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. . , 152, then a amending location lypoihg hwngtlw ^ 

haveaverylowanfidence value. Models of this type are refeired to Iwe^ 

Yet a«^r type of fOMI224ca fl telmd on input fromamo^ 
from target MS 140 location data received from the mobile base station 148. 

Stai other typesofK)MI224cante 
assciiamgparticidarpattermwkhh^ 
used as the bash for various FOKl 

Note tlmthe fOHt^ mentioned here asweOasoto Moreover, it is important to 

teepmmindthatanovdaspeaoftte 

modehia^msuchfOMsarenmlinmrimtf^ 

MS location estimatontotesuhsequently Fore^le,afOMI224| H sedonwirebs " 

apdthrttdehymeasurementstamadistri 

forlocatingatargetMS^banendosedareaser^ 

rmthepreseminvemionmaydetenmneth 

locatedmtl^dimembmDsings^hadistri^ 

exan^aputfcs^te^^ 

assoda^ordrfkateddeviceforeachsuchHStoal^ 

demdetecdthattteHSbwitluns^ 

registenwimata,™ location regime 

corresponding MS to detecting the MS, or visa vena, as one stalled in the art will understand. Accordingly, by providing a FOM that accesses the 

MS^mttehomekxationregisrer.thelocat™ 

sta.bnornot.amlgenentob^ 

are also within the scope of the present invention. 

Itbfa|»rtarttonotettefollov^ 
(18J)F^sirtfimoidern»d^ 

assurmng that tte signal pnKBSsingsubsy^^ 

believed thata^nHjorityOf not substan^ Thus, it is 

straightforward to add or delete such FOHs 1224. 
WEachsnchtaortermodel I224mayhe «m*Mf^i V *mmi*^i m ^ uilH ^ m 
For^muchofwhathtelievedtotecomn^w 
hypothec evaluationsubsystera.«feno^ 
mod.darandexttnsa* such that, f W exampfe,(a^ 
"gnaltrasnnHionch^^ 

(Dnf^nofttepresentinventbnnxvl^ 
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wrf«- no urban canyons and tow popufatton densiQr); Ahcmativdjf. for complex winks sgnal efmnnmenB sudi asib'dtiu Eke^ilf rateiscD; 
Tol9oor(lewYork.aiarp number of FOMs 1224 may be simultaneously utilized for generating HS location hypotheses. 

An Introduction to an Evaluator lor Location Hypotheses: Hypothesis [valuator 

A third functional group of location engine 139 modules evaluates location hypotheses output by the first order models 1224 and 
thereby pnwidesa'moahte^ The modules for this functional group are collectively denoted the hypothesis 

evaluator 1228. 

Hypothesis Evaluator Introduction 

A primary purpose of the hypothesis evaluator 1228 is to mitigate outfits and ambiguities related to location hypotheses output by 
tefimor*rmodebl224andtterebyou^ topovidmg 
this apabaiiy. tbere a« various ttbied embodiments of the hrpothesb evabator that an within the nope of the pment invention. Since cadi 
kxatbnliypothesoindudesbothffl 
Gkefihciodoftbetarg^ 
esriniates and confrieiw values. That is, b^ 
(in an entente case> lootnnareaeM^ 

highest tevel of certainty; Le, +1.0). Accordingly, given a target MS location area estmiate(ofafxationfiypotheso),ajiadjujtmfmtoits 
accuracy rray be pcrfomied by ac^iBtsngthe KS locatunanaestimate and^the mrrespondingcDnfideiMe value. Thus, if thecDnndence 
value b, for example, excesstvety bw then the ana estinBte may be incnased as a tedtniqiie for incnaising the cortfidence value. Ahemativeiy. 
if the estiinated ana b excessively large, and there b flexibtb'ty in the conesponding ojirfidence valw. then the estimated area may be 
decn^andterorrftdenavatoeato 
judged to be nm (less) accurate ten initi^ 

(decreased), and/or (ii) the HS location ana estimate can be decreased (increased). 

In a first dass of embodiments, the hypothesis evaluator 1228 evaluates location hypotheses and adjusts or modifies only their 
confidence val^s lor MS bcation area estimates and subsequenth/ uses these HS location estimates with the adjusted confidence values for 
<I«*™ininga"rnoflhie^ 

Ateraatively. in a second dass of embodraena forte lijrpou^ 

values remain surjstamrally fixed. Of course, hybrids between the first two embodiments can abo be provided. Note that the present 
embodiment provided herein adjusts both the areas and the cortfidence values. 

More particularly, the hypothesis evahator 1228 may perform any or most ol the following tasks: 
(30J) it utilizes environmental information to improve and recondk location hypotheses supplied by the first order models 1224. A bask 

premisemthhcomextototeacair^ 

as,forexamp*.tesea»nofteyear,tetto^ 

SS 
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essentially, a query or index into the location signature data ban 1320 for obtaining a corresponding enhanced location 
hypothesis, wherein the enhanced location hypothesis has both an adjusted target MS location area estimate and an 
adjusted confidence based on past performance of the fOM in the location service surrounding the target MS location 
estimate of the initial location hypothesis; 
(303) it determines tow welt the associated signal charaoerto 

in the location signature data base 1320 («e the location signature data baa section for further disamion regarding this aspect of the 
invtntkHi). That is, for a givwi location hypothesis, verified be agx (which were prevbusly obtained from one or more verified 
batons of o« or more MS*s)a^ 

signal characteristics of these verified be tigs are compared with the sigral^ 
determining theirs^ 
location area estimate); 

(30.4) the hypothesis evaluator I22B tteermines if (or how weD) such location hypotheses are consistem with well known ph/scal CDnstiaints 
suchasthebwsofphysfci for exampM the difference bet^ 
location estimate by a Oiirem location hypothesis requires the KS to: 

(al) move at an unreasonably high rate of speed (e.g.,200 mph), or 

(bl) move at an unreasonably high rate of speed for an area (e*, 80 mph in a corn patch), or 

(cl) make unreasonably sharp velocity changes (e£,from 60 mph in one direction 

to 60 mph in the opposite direction in 4 sec), then the conTrience in the current Location Hypothesis is ISteiy to be 
reduced. 

Aftentatively ( Kforexampk, thedifference betweena previous bcatnnestimate of a target HSand a current bcatnn hypothesis 
indicates that the MS is: 

(a2) moving at an appropriate velocity for the area being traversed, or 
(b2) moving along an established path (ej, a freeway), 
then the confidence in the current location hypothesis may be increased. 
(30J) the hypothesis evaluator 1228 determines consistencies and inconsistencies between location hypotheses obtained from different first 
order models. For example, if two siriibcationhyp«heses,fw have estimated location areas 

where the target mbGty to be aid 

increased. Additionally, note that a vebdty of an MS may t» determined (via deltas of successive location hypotheses from one or 
more first order modeb) even when there is low confidence in the location estimates for the MS, since such deltas may, in some cases, 
be more reliabie than the actual target KS location estimates; 
P0i) the hypothesis evaluator 1228 determines new (more accurate) location hypotheses from other location hypotheses, for example, this 
module may generate new hypotheses from currently active ones by decomposing a location hypothesis having a target MS 
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* ^„ location estimate imersecting two radically different area^types.- Addhionaliy; this'modufe may generate locatfoflrbypotheus 

indicating areas of poor reception; and 
(JO J) the hypothesis evatuator 1228 determines and outputs a most likely location hypothesis for a target MS. 
Note that the hypothesis evaluator may accomplish the above tasks. (30 J) - (30 J), by employing various data processing took including, but 
not limited to, f any nathematics, genetic algorithms, neural ntfworta, expert systems and/or blackboard systems. 

Note that, as can be seen in Figs. 6 and 7, the hypothesb evakiator I22B indudes the fofbwing four h'sh level modufes for 
processing output location hjrpotheses from the fimorta 

repository 1338 and a most BbGhood estimator 1334. These four modules are briefly described hereinbefaw. 

Context Adjuster Introduction. 

The ©mext adjuster 1326 modde enhances both th 
order models 1221 1 n particular, the module modifies location hypotheses received from the FOMs 1 224 so that the resulting location 
hypotheses output by the context adjuster 1326 may be further processed uniformly and substantially without concern as to differences in 
accuracy between the first order models from which location hypotheses originate. In providing this apaHity, the context adjuster 1326 may 
adjust or modify various fields of the input location hypotheses. In particular, fields giving target MS 140 location estimates and/br confidence 
values for such estimates may be modified by the context adjuster 1326. Further, this module may determine those factors that are perceived to 
impact the perceived accuracy (&g, confidence) of the location hypotheses: (a) differently between FOMs, and/br (b) with substantial effect 
For instance, environmental characteristics may be taken into account here, such as time of day, season, month, weather, geographical area 
categorizations (tg, dense urban, urban, suburban, rural, mountain, etc.), area sutotegorizations (e^, heavily treed, Wily, high traffic area, 
etc). Adetaiteddesaiptionof one embodiroent of this module is provkfed in APPENDIX D hereinbetow. Note that, the embodiment described 
herein is simplified for illustration purposes such that only the geographical area categorizations are utilized in adjusting (Le., modifying) 
location hypotheses. But, it is an important aspect of the present invention that various categorizations, such as those mentioned immediately 
above, may be used for adjusting the location hypotheses. That is, categories such as, for example: 

(a) urban, hilly, high traffic at 5pm, or 

(b) rural, flat, heavy tree foliage density in summer nay be utilized as one skM in the art will understand from the descriptions 

contained hereinbebw. 

Accordingly, the present invention is not limited to the factors expfiritly mentioned here. That is, it is an aspect of the present 
invention to be extensible so that other environmental factors of the coverage area 120 affecting the accuracy of location hypotheses may also 
be incorporated into the context adjuster 1326. 

It is also an important and novel aspect of the context adjuster 1326 that the methods for adjusting location hypotheses provided in 
this module may be generalized and thereby also utilized with multiple hypothesis computational architectures related to various applications 
wherein a terrain, surface, volume or other "geometric" interpretation (e^, a metric spue of statistical samples) may be placed on a large 
body of stored application data for relating hypothesized data to verified data. Moreover, it is important to note that various techniques for 
••visualizing data" may provide such a geometric interpretation. Thus, the methods herein may be utilized in applications such as: 
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(a) sonar, radar, x-ray or infrared iderttificationof objeds nidi a occon in robotic navigation, medial image analysis, 
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Morepi^,thenovd(Dmpfflationalpaiad 

toe ha large body of aidiived mfonrBtion pnnridingverined oractualapplkatbn pracus data related to the past perfonrance of the 
application process. 

It it worth nwn»im*tatheoirapua^ 
(taal^^mectanism. foreomple, 
toqueryorirdairrfflthelocatbna 
substaiitialadvarn^ are provided by tho 

Asa ro^tadvantage. theamteitadjuster 1326 reducesthe f feSnod that a feedback medanisn is necessary to the initial 
fajfpothesngefleratonfi^FOKs 1224) for penodkalh/adjusting default evaluations of the goodnessorconfrience io the hypotheses gemated. 
That is, since (^hypothesh generated !; 

adjuster 1326, in turn, generates new corresponding hypotheses based on the actual or verified data retrieved from an archival data base. Thus, 
asaie^thharddtectimt^ 

location appfication) from any further processing a«l tiereby provide a more modular, maintainable and flexible computational system. 

Asaseand advantage, ttecontmadjusterl326terrfjto 
byteWfelhypottesesgerer^^ 

ao.rrapoiidingei.lian^lvpotre^ 

arduvedverif^appBcationdata(aswiBh 

ontheaidiwdverfcd(orlo^ 

ar#catioruif a raMI224(^subsaflm^ 

approximately 1000 feet north of the actual wrffiedm 140 loafc^ 

without this bias. Thus, tie context adjuster 1326 tends to filter out inaccuracies in the initially generated hypotheses. 

Therefore m a multiple hypothesis architecture where typically the generated hypotheses may be evaluated and/br combined for 
ptovidinga-most hkely" result, it is believed that a plurality of relatively simple (and poaibly inexact) inhial hypothesis gerwaton may be 
used in conjunction with the hybrid cornputatioral paradigm rer^ 
substantially greater accuracy. 

AdditionaSy, note that this hybrid paiadigm appRes to otferdomaim that are not geographically based. For instance, this hybrid 
paradigm applies to many prediction and/or diagnostic applications for which: 

(a) the app&catbn data and the appBcation are dependent on a number of parameten whose values diaracteriie the range 
ofoulpuBforthapplbrion.Thatis.thereb 

derived whose poimscharacteriie the actual and estimated (or predicted) outtomes. As examples, in the H$ location system, p, = latitude 
and pj = longitude; 
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4 ^ ^. „(b) «-* . - there o historical data from which points for the parameter space, p, ( i ft x ft x - x'ft can be obtained wlmrenf this 
data rebtex to (or indicates) the perfonrarae of the app&ation, and the points obtained from this dala are relatiycix rf erue in the spaa (at 
least around the likely future actual outcomes that the application is expected to predict or diagnose). For example, such historical data may 
associate the predicted outcomes of the application with corresponding actual outcomes; 

(c) there is a metric or distance-Eke evaluation function that can be applied to the parameter space for indicating relative 
doseness or accuracy of points in the parantt 
the actual performance of the application. 

Note that there are numerous applications for which the above criteria are applicable, for instance, computer aided 
control of chemical processing plants are likely to satisfy the above criteria. Certain robotic applications may also satisfy this criteria. 
In (act, it is believed that a wide range of signal processing applications satisfy this criteria. 

MS Status Repository Introduction 

The MS status repository 1338 is a run-time storage manager for storing location hypotheses from previous activations of the 
hxatton engim 139 (as well as for storing the output "most likely M targ^ MS bcation «imate(s)) so that a target MS 140 be tra*ed 
using target MS location hypothwes from previoos location en^ne 139 activatom to determine, forexampie, a movement 
between evaluations of the target MS location. 

Location Hypothesis Analyzer Introduction. 

The location hypothesis analyzer 1332, adjusts confidence values of the location hypotheses, according to: 

(a) heuristics and A>r statistical methods related to how well the signal characteristics for the generated target MS location hypothesis 

matches with previously obtained signal characteristics for verified MS locations. 

(b) heuristics related to tew consistent the location hypothesis is with physical taws, andybr highly probable reasonableness conditions 

relating to the location of the target MS and its movement characteristics, for example, such heuristics may utilize knowledge of 
the geographtol terrain "mwhto^ HS velocity, acceleration or extrapolation of 

an MS position, velocity or acceleration. 

(c) generation of additional location hypotheses whose MS locations are consistent with, for example, previous estimated locations for 

the target MS. 

As shown in Figs. 6 and 7, the hypothesis analyzer 1332 module receives (potentially) modified location hypotheses from the context 
adjuster 1326 and performs additional location hypothesis processing that is likely to be common and generic in analyzing most location 
hypotheses. More specifically, the hypothesis analyzer 1332 may adjust either or both of the target MS 140 estimated location andybr the 
confidence of a location hypothesis. In brief, the hypothesis analyzer 1332 receives target MS 140 location hypotheses from the context analyzer 
1336, and depending on the time stamps of newly received location hypotheses and any previous (Le, older) target MS location hypotheses that 
may still be currently available to the hypothesis analyzer 1 332, the hypothesis analyzer may: 
(a) update some of the older hypotheses by an extrapolation module, 
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(c) if sufficiently old, then delete the older location hypotheses. 

Nrtethatothtter^ received 1^ 
and still remain in the bjrpotfaesis analjrzer 1332 will be denoted as "cummt kxadon hypotheses" or "airremty active faotion hypotheses-. 

The modules within the fecation hypothesis aiKdjrzer 1332 use vanoiis ^pes of appficatiBn spedTic knowledge likely siibstantia»V 
independent from the mir^uiatnns by the FONs 1224 when piovidiRg the cones|»iidins onginal hcmon hypotheses. That is. since it is aspect 
ofatleastoiieembodimert of theory 
weUasaddedordeleHtfeproo^ 
compensate. wlieniiecessary.fortbBst^ 

a greater breadth of application understanding related to wireless signal characteristics of the coverage area 120. 

Accordingly, the hypothesis analyzer 1332 may apply various heuristics that, for example, change the confidence in a location 
hypotosdependmgonhowwtllthe bcation hypothesis (and/br aieriesof location hypotheses fmm eg, the same fOM 1224): (a) conforms 
with the laws of physks, (b) conforms with loiown characteristic 

estimate, and (c) conforms with highly likely heiirutkconstraint knowledge. In particular, as Olustrated best in fig. 7, the location hypothesis 
analyier 1332 may ntimeat least oneofatt^ 

location hypotos output by the context adjuster 1326. More precisely, the location hypothesis analyzer 1332 irrfufcs, none ornament, a 
blackboard managerfor managing processes and data of a blackboard system. Additionally, note that ina semnd embodiment, where an 
expert system b irthlzed instead of a bbdcboard system, the location hypothecs analyzer provides an expert system inference engine for the 
expert system. Note that additional detail on these aspects of the invention are provided nereinhelow. 

Additionally, note that the hypothesis analyzer 1332 may activate one or more extrapolation procedures to extrapolate target MS 
140 bcation hypotheses already processed. Thus, when one or more new location hypotheses are supplied (by the context adjuster 1224) having 
a substantially more recent timestamp, the Irypottesisanalyzer may invoke an extrapolation module (le, location extrapobtor 1432. fig. 7) for 
ad justing any previous location rrypothesesforthe same target MS MO that are stiD lieing used by the hxatno fayrjothesis anaiyzerso thatall 
target rlStecamnbifpotlKses (fortress 

Accordingly, such aprevbus location hypothesis that is, for example, IS seconds older than a rewly supplied location hypothesis (from perhaps 
a different FOM 1 224) may have both: (a) an MS location estimate changed (tg, to account for a movement of the target MS), and (b) its 
confidence clanged (tLg, to reflect a reduced confidence in the accuracy of the location hypothesis). 

It is important to note that the arrhhecture of the present invention is such that the hypothesis analyzer 1332 has an extensible 
arrJtitecttire.^ 

understanding regarding the bebavbrof wireless signals within the service area 120 becomes available. Conversely, some analysis modules may 
not be required in areas having relatively predictable signal patterns. Thus, in such service anas, such unnecessary modules may be easily 
removed or not even developed- 

Most Likelihood Estimator Introduction 
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« ^. * ^>4he most HkeOhood estimator I344isa module fordetermininga "most Hody" location estimate for atarget fSf&ffiSBSttf 11 
the location engine I39. The most fitefitood estimator 1 344 receives a collection of active or relevant location hypotheses from the hypothesis 
analyzer I332 and uses these location hypotheses to determimor^ Still referring to the 

hypothesis evaluator I228, it is important to note that rat all the above mentanKl modules are required in all embodiments of the present 
invention. In particular, for some coverage areas I20, the hypothesis analyzer I332 may be unnecessary, fenmlkujly/msuchanembocnment, 
the enhanced location hypothesis output by the context adjuster 1 326 are provided diredy to the most likefifiood estimator I344. 

Control and Output Gating Modules 

A fourth functional group of location engine I39 modules is the control and output gating modules which includes the location 
center control subsystem I350, and the output gateway I356. The location control subsystem I350 provides the rughest level of control and 
monitoring of the data processing performed by the footo 

(a) ©ntrokairim(mito5loQtbnerf 

error handling functions; 

(b) receives and routes external information as necessary. For instance, this subsystem may receive (via, tg, the public telephone 

vmtding network and Internet I362) such environmental information as increased signal noise in a particular service are due 
to increase traffic, a change in weather conditions, a base station I22 (or other inf rastruaure provisbning), change in 
operation status (^operational to inactive); 

(c) receives and directs location processing requests from other location centers 1 42 (via, e.g„ the Internet); 

(d) performs accounting and filling procedures; 

(e) interacts with location center operators by, for example, receiving operator commands and providing output indicative of 

processing resources being utilized and maf unctions; 
(0 provides access to output requirements for various applications requesting location estimates. Forexample,an Internet location 
requestfromatrudrirs^^ 

or driver is within the Denverarea. Alternatively, a local medical rescue unit is GkeJy to request a precise a location estimate as 
possible. 

Note that in Fig. 6 (a) - (d) above are, at least at a high leveL performed by iitiRzing the opeiator mteiface I374 . 

Referring now to the output gateway I356, this module routes target MS I40 location estimates to the appropriate location 
appfeation(s). For instance, apon recewmg a locatbn esimate from the most Iitel9iood estimator I344, the outpat gateway I3S6 may 
determine that the location estimate is for an automobile being t^ 
according to the particular protocol. 
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A fifth functional group of location engine 139 modules provides the abifity to enhance the MS locating reliability and/or accuracy of 
the present invention by providing it with the capabHity to adapt to particular operating configurations, operating conditions and wireless 
signaling environments without performing intensive manual analysis of the performance of various embodiments of the location engine 139. 
That is, this furctionalgroapaut^^ 

area 120 using at least one wireless network infrastructure therein. More precisely, the functional group allows the present invention to adapt 
by tuning or optimizing certain system parameters according to location engine 139 location estimate accuracy and reliability. 

There are a number location engine 139 system parameters whose values affect location estimation, and it is an aspect of the present 
invention that the MS location processing performed should become increasingly better at beating a target MS 140 not only through building an 
increasingly more detailed model of the signal characteristics of location in the coverage area 1 20 such as discussed above regarding the 
tabn signature dafc base 1320, but ato 
"tuning" the values of such location center system parameters. 

taordingly.the present invention indudes a module, denoted herein as an '•adaptation engine- 1382, that performs an 
optimization procedure on the location center 142 system parameters either periodically or concurrently with the operation of the location 
center in estimating MS locations. That is, the adaptation engine 1 382 directs the modifications of the system parameters so that the location 
eiipne 139 increases in overall accuracy in locating target HSs 140. In one embodiment, the adaptation engine 1382 includes an embodiment of 
a genetic algorithm as the mechanism for modifying the system parameters. Genetic algorithms are basically search algorithms based on the 
mechanics of natural genetics. The genetic algorithm utilized herein is included in the form of pseudo code in APPENDIX B. Note that to apply 
this genetic algorithm in the context of the location engine 139 architecture only a "coding scheme" and a Titness function 0 are required as one 
skilled in the art will appreciate. Moreover, it h abo vnthio the scope of the present invemion to use modrred or diffmnt ^laptive an4A»r 
timing mechanisms. For further information regarding such adaptive mechanisms, the following references are incorporated herein by 
reference: Goldberg, D.E. (1989). Genetic algorithms for search, optimization, and machine teaming. Reading, MA: Addison-Westey 
Publishing Company; and Holland, J. H. (I97S) Adaptation in natural and artificial systems. AimArbor.MI: The University of Michigan Press. 

Implementations of First Order Models 

Further descriptions of various first order models 1224 are provided in this section. 

DiS^FimXfrde^^ 

As discussed in the location Center Architecture Overview section herein above, distance models determine a presumed 
direction and/or distance that a target MS 140 is from one or more base stations 122. In some embodiments of distance models, the 
target MS location estimate(s) generated are obtained using radio signal analysis techniques that are quite general and therefore are 
not capable of taking into account the peculiarities of the topography of a particular radio coverage area. For example, substantially 
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all radio signal analysis techniques uwng conventional procedures (or fonnubs) are based on Signal characteristic Mffiniifitfr*™ 
such as: 

(a) signal timing measurement (e.g^ TOA and TDQA), 

(b) signal strength measurements, and/br 

(c) signal angle of arrival measurements. 

Furthermore, such signal analysis techniques are likely predicated on certain very general assumptions that can not fully account for 
signal attenuation and multipart doe to a particular radio coverage area topography. 

Taking CDMA orTDMA base station network as an example, each base station (BS) 122 is required to emit a constant 
signal-strength pilot channel pseudo-noise (PN) sequence on the forward link channel identified uniquely in the network by a pilot 
sequence offset and f requency assignment It is possible to use the pilot channels of the active, candidate, neighboring and remaining 
sets, maintained in the target MS, for obtaining signal characteristic measurements (e.g„ TOA and/or TDOA measurements) between 
the target MS 140 and the base stations in one or more of these sets. 

Based on such signal characteristic measurements and the speed of signal propagation, signal characteristic ranges or 
range differences related to the location of the target MS 140 can be calculated. Using TOA and/or TDOA ranges as exemplary, these 
ranges can then be input to either the radius-radius multilateration or the time difference multitateration algorithms along with the 
known positions of the corresponding base stations 122 to thereby obtain one or more location estimates of the target MS 140. For 
example, if there are, four base stations 122 in the active set, the target MS 140 may cooperate with each of the base stations in this 
set to provide signal arrival time measurements. Accordingly, each of the resulting four sets of three of these base stations 122 may 
be used to provide an estimate of the target MS 140 as one skilled in the art will understand. Thus, potentially (assuming the 
measurements for each set of three base stations yields a feasible location solution) there are four estimates for the location of the 
target MS 140. Further, since such measurements and BS 122 positions can be sent either to the network or the target MS 140, 
location can be determined in either entity. 

Since many of the signal measurements utilized by embodiments of distance models are subject to signal attenuation and 
multipath due to a particular area topography. Many of the sets of base stations from which target MS location estimates are desired 
may result in either no location estimate, or an inaccurate location estimate. 

Accordingly, some embodiments of distance F OMs may attempt to mitigate such ambiguky or inaccuracies by, e.g„ 
identifying discrepancies {or consistencies) between arrival time measurements and other measurements (e.g., signal strength), these 
discrepancies (or consistencies) may be used to filter out at least those signal measurements and/or generated location estimates that 
appear less accurate. In particular, such identifying may filtering an be performed by, for example, an expert system residing in the 
distance FON. 

A second approach for mitigating such ambiguity or conflicting MS location estimates is particularly novel in that each of 
the target MS location estimates is used to generate a location hypothesis regardless of its apparent accuracy. Accordingly, these 
location hypotheses are input to an alternative embodiment of the context adjuster 1326 that is substantially (but not identical to) 
the context adjuster as described in detail in APPENDIX D so that each location hypothesis may be adjusted to enhance its accuracy. 
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according to past performance of its generating fOM 1224 in an area of the initial location estimate of the location hypothesis (the 
area, e.g, determined as a function of distance from this initial location estimate), this alternative embodiment adjusts each of the 
location hypotheses generated by a distance first order model according to a past performance of the model as applied to signal 
characteristic measnrements from the same set of base stations 122 as were used in generating the location hypothesis. That is, 
instead of only using only an identification of the distance model (Le., itsfOMJD) to, for example, retrieve archived location 
estimates generated by the model in an area of the location hypothesis' estimate (when determining the model's past performance), 
the retrieval retrieves only the archived location estimates that are, in addition, derived from the signal characteristics measurement 
obtained from the same collection of base stations 122 as was used in generating the location hypothesis. Thus, the adjustment 
performed by this embodiment of the context adjuster 1326 adjusts according to the past performance of the distance model and the 
collection of base stations 122 used. 

Coverage Area First Order Model 

Radio coverage area of individual base natrons 122 may be used to generate location estimates of the target H$ 140. 
Although a first order model 1224 based on this notion may be less accurate than other techniques, if a reasonably accurate Rf 
coverage area is known for each (or most) of the base stations 122, then such a FOM (denoted hereinafter as a "coverage area first 
onler model" or simply "coverage area model") may be very reliable. To determine approximate maximum radio frequency (RF) 
rotation coverage areas, with respect to BSs 122, antennas and/wsecrorcorerage areas, foragiveo class (or dasses) of (e.g, CDMA 
or TDMA) mobile stations) 140, location coverage should be based on an Mrs ability to adequately detect the pilot channel, as 
opposed to adequate signal quality for purposes of cairying user-acceptabte traffic in the voke channe!. Note that more energy is 
necessary for traffic channel activity (typkaHy on the order of at feast -94 to -1 04 dBm recsived s^nai strength) to support voice, 
than energy needed to simply detect a pilot channel's presence for location purposes (typically a maximum weakest signal strength 
range of between -104 to -1 10 dBm), thus the "Location Coverage Area" will generally be a larger area than that of a typical "Voice 
Coverage Area", although industry studies have found some occurrences of "no-toverage" areas within a larger covered area. An 
example of a coverage area including both a "dead tone", Le.. area of no coverage, and a "notch" (of also no coverage) is shown in 
Fig. IS. 

The approximate maximum RF coverage area for a given sector of (more generally angular range about) a base station 122 
may be represented as a set of points representing a polygonal area (potentially with, e.g., holes therein to account for dead zones 
and/or notches). Note that if such polygonal RF coverage area representations an be reliably determined and maintained over time 
(Tor one or more BS signal power level settings), then such representatioru can be used in providing a set theoretic or Venn diagram 
approach to estimating the location of a target MS 140. Coverage area firstoider models utilize such an approach. 
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MS 140 (conversely, of the MS bym* orjnorrta* 
straightforward application of this technique is to: 

(a) findall areas of intersection for base station i RF coverage ana represe^onsrwrierern: (i) the enrfespondmg base 

stations are on-line for communicating with MSs 140; (ii) the RF coverage area representations are deemed reliable 
for the power levels of the on-line basesatioiu; p)~the on-line hasesm'onshavmjp*^^^ 
representations can be delected by the target H$; and (n) each irrtersectidn must include a predeterminednumbetof: 
the reliable RF coverage area representations (e#,-2 or 3); and 

(b) obtain new (oration estimates by subtracting from each of the areas rfirrttr^ ^ 

representations ;for base stations 122 thafrauMbFdetec^ 
Aci^i^ly^newjnas^.b^ 

Location Base Station first Order Model 

In the location base station (LBS) model (fOH 1224), a database is accessed which contains electrical, radio propagation 
and coverage area characteristics of each of the location base stations in the radio coverage area. The LBS model is an active model, 
in that it ran probe or excite one or more particular LBSs IS2 in an area for which the target MS 140 to be looted is suspected to be 
placed. Accordingly, the LBS model may receive as input a most likely target MS 140 location estimate previously output by the 
motion engine 139 of the present invention, and use this location estimate to determine which (if any) LBSs IS2 to activate and/or 
deactivate for enhancing a subsequent location estimate of the target MS. Moreover, the feedback from the activated LBSs IS2 may 
be provided to other f OMs 1224, as appropriate, as well as to the LBS model. However, it is an important aspect of the LBS model 
that when it receives such feedback, it may output location hypotheses having relatively small target MS 140 location area estimates 
about the active LBSs 152 and each such location hypothesis also has a high confidence value indicative of the target MS 140 
positively being in the corresponding location area estimate (tg, a confidence value of .9 to + 1), or having a high confidence value 
indicative of the target MS 140 not being in the corresponding location area estimate (i*., a confidence value ol -0.9 to -I). Note 
that in some embodiments of the LBS model, these embodiments may have functionality similar to that of the coverage area first 
order model described above, further note that for LBSs within a neighborhood of the target MS wherein there is a reasonable chance 
that with movement of the target MS may be detected by these LBSs, such LBSs may be requested to periodically activate. (Note, that 
it is not assumed that such LBSs have an on-line external power source; e.g„ some may be solar powered). Moreover, in the case 
where an LBS IS2 includes sufficient electronic to carry vokecommuniation with the target MS 140 and is the primary BS for the 
target MS (or alternatively, in the active or candidate set),then the LBS model will not deactivate this particular LBS during its 
procedure of activating and deactivating various LBSs 152. 
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The stochastic first order models nay ose statistical prediction techniques such as principle decomposition, partial hast 
squares, partial least squares, or other regression tecbniqiiH for predicn'ng, for example, expected irammum are! maximum distances of the 
taiget MS from one or more base statkms 122. tg, BoDenger Bands. Additnnalty. some embodimenu may use Martov processes and 
Random Walks (predicted incremental MS movement) for determining an expected area within which the target MS 140 is likely to be. 
That is, such a process measures the incremental time differences of each pilot as the MS moves for predicting a size of a location area 
estimate using past MS estimates such as the verified location signatures in the bation signature data base 1320. 

Pattern Recognition and Adaptive First Order Models 

It is a particularly important aspect of the present invention to provide: 

(a) one or more fOHs 1224 that generate target MS 140 location estimates by using pattern recognition or associativity 

techniques, and/or 

(b) one or more FOHs 1224 that are adaptive or trainable so that such FOMs may generate increasingly more accurate 

target MS location estimates from additional training. 

Statistically Based Pattern Recognition f irst Order Models 

Regarding FOMs 1224 using pattern recognition or associativity techniques, there are many such techniques available. For 
example, there are statistically based systems such as "CART" (anacronym for Classification and Regression Trees) by ANGOSS 
Software International Limited of Toronto, Canada that may be used for automatically for detecting or recognizing patterns in data 
that were unprovided (and likely previously unknown). Accordingly, by imposing a relatively fine mesh or grid of cells of the radio 
coverage area, wherein each cell is entirely within a particular area type categorization such as the transmission area types (discussed 
in the section, "Coverage Area: Area Types And Their Determination" above), the verified location signature clusters within the celts 
of each area type may be analyzed for signal characteristic patterns. If such patterns an found, then they can be used to identify at 
least a fikefy area type in which a taipt MS is fikeiy to be located. That is. one or more location hypotheses may be generated having 
target MS 140 location estimates that cover an area having the likely area type wherein the target MS 140 is located. Further note 
that such statistically based pattern recognition systems as "CART" indude software code generators for generating expert system 
software embodiments for recognizing the patterns detected within a training set (tg, the verified location signature dusters). 

Accordingly, although an embodiment of a FOM as described here may not be exceedingly accurate, it may be very refiable. 
Thus, since a fundamental aspect of the present invention is to use a plurality MS location techniques for generating location 
estimates and to analyze the generated estimates (likely after being adjusted) to detect patterns of convergence or clustering among 
the estimates, even large MS location area estimates are useful, for example, it can be the case that four different and relatively large 
MS location estimates, each having very high refiability. have an area of intersection that is acceptably precise and inherits the very 
high reliability from each of the large MS location estimates from which the intersection area was derived. 
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r.-„- -i A simibr stawticiliyjKised Fp|l 1224 to.the one above may be provided wherein the radio coverage area is decomposed • 
substantially as above, but addition to using the signal characteristics for detecting useful signal patterns, the specific identifications 
of the base sratbn 122 providing the signal characteristics may also be osed. Thus, assuming there is a sufficient density of veriTied 
location signature clusters in some of the mesh cells so that the statistical pattern recognizer can detect patterns in the signal 
characteristic measurements, an expert system may be generated that outputs a target US 140 location estimate that may provide 
both a reliable and accurate location estimate of a target MS 140. 

Adaptive/Trainable First Order Models 



AdaptiveArainable First Order Models 

The term adaptive is used to describe a data processing component that can modify its data processing behavior in 
response to certain inputs that are used to change how subsequent inputs are processed by the component Accordingly, a data 
processing component may be "explicitly adaptive" by modifying iubelwtoracconfing to the mput of e^ 
data that is input for changing the component's subsequent behavior in ways that are predictable and expected. That is, the input 
encodes explicit instructions that are known by a user of the component Alternatively, a data processing component may be 
"implicitly adaptive" in that its behavior is modified by other than instructions or control data whose meaning is known by a user of 
the component For example, such implicitly adaptive data processors may learn by training on examples, by substantially unguided 
exploration of a solution space, or other data driven adaptive strategies such as statistically generated decision trees. Accordingly, h 
it an aspect of the present invention to utilize not only explicitly adaptive MS location estimators within FOMs 1224. but also 
implicitly adaptive MS location estimators. In particular, artificial neural networks (also denoted neural nets and ANNs herein) are 
used in some embodiments as implicitly adaptive MS location estimators within FOMs. Thus, in the sections below, neural net 
architectures and their application to locating an MS is described. 

Artificial Neural Networks For MS Location 

Artificial neural networks may be particularly useful in developing one or more first order models 1224 for tooting an MS 
140, since, for example, ANNs can be trained for classifying and/or associative^ pattern matching of various RF signal measurements 
such as the location signatures. That is, by training one or more artificial neural neb using RF signal measurements from verified 
locations so that RF signal transmissions characteristics indicative of particular locations are associated with their corresponding 
locations, such trained artificial neural nets can be used to provide additional target MS 140 location hypotheses. Moreover, it i 
aspect of the present invention that the training of such artificial neural net based FOMs (ANN FOMs) is provided without manual 
intervention as will be discussed hereinbelow. 



t is an 
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It b as an aspect of the present invention to use an adaptive neural network architecture which has the ability to explore 
the parameter or matrix weight space corresponding to a ANN for determining new configurations of weights that reduce an objective 
or error function indicating the error in the output of the ANN over some aggregate set of input data ensembles. Accordingly, in one 
embodiment, a genetic algorithm is used to provide such an adaptation capability. However, it b also within the scope of the present 
invention to use other adaptive techniques sudi as, for example, simulated annealing, cascade correlation with multittarts, gradient 
descent with multbtarts, and truncated Newton's method with multistarts,as one skilled in the art of neural network computing will 
understand. 

Artificial Neural Networks as MS Location Estimators for First Order Models 

Although there have been substantial advances in artificial neural net computing in both hardware and software, it can be 
difficult to choose a particular ANN architecture and appropriate training data for yielding high quality results. In choosing a ANN 
architecture at least the following three criteria are chosen (either impfiddy or explicitly): 

(a) a learning paradigm: Le„ does the ANN require supervised training (le, being provided with indications of correct and 

incorrect performance), unsupervised training, ora hybrid of both (sometimes referred to as reinforcement); 

(b) a collection of learning rules for indicating how to update the ANN; 

(c) a teaming algorithm for using the learning rules for adjusting the ANN weights, 
furthermore, there are other implementation issues such as: 

(d) how many layers a artificial neural net should have to effectively capture the patterns embedded within the training 

data, for example, the benefits of using small ANN are many, less costly to implement, faster, and tend to generalize 
better because they avoid overfitting weights to training patterns. That is, in general, more unknown parameters 
(weights) induce more tool and global minima in the error surface or space. However, the error surface of smaller 
nets can be very rugged and have few good solutions, making it difficult for a local minimization algorithm to find a 
good solution from a random starting point as one skilled in the ait will understand; 

(e) how many units or neurons to provide per layer; 

(0 how large should the training set be presented to provide effective generalization to non-training data 
(g) what type of transfer functions should be used. 

However, the architecture of the present invention allows substantial flexibility in the implementation of ANN for FOMs 
1224. In particular, there is no need to choose only one artificial neural net architecture and/or implementation in that a plurality of 
ANNs may be accommodated by the architecture of the location engine 139. Furthermore, it is important to keep in mind that it may 
not be necessary to train a ANN fora FOM as rigorously as b done in typical ANN applications since the accuracy and reliability in 
estimating the location of a target MS 140 with the present invention comes from synergbt'ically utilizing a plurality of different MS 
location estimators, each of which may be undesirable in terms of accuracy and/or reliability in some areas, but when their estimates 

68 



WO 98/10307 PCTAJS97/15892 

v are sjrargistically used as m the tocation w$nt l)% accurate and rehble location estimates can be attained. Accordingly, one. .... 
embodiment of the present invention may have a plurality of moderately well trained AH Ns having different neural net architectures 
such as: multilayer perceptions, adaptive resonance theory models, and radial basis function networks. 

Additionally, many of the above mentioned ANN architecture and implementation decisions an be addressed substantially 
automatically by various commercial artificial neural net development systems such as: "NEUROGENETIC OPTIMIZER" by BioComp 
Systems, wherein genetic algorithms are used to optimize and configure ANNs, and artificial neural network hardware and software 
products by Accurate Automation Corporation of Chattanooga, Tennessee, such as -ACCURATE AUTONATION NEURAL NETWORK 
TOOLS. 

Artificial Neural Network Input and Output 

It is worthwhile to discuss the data representations for the inputs and outputs of a ANN used for generating MS location 
estimates. Regarding ANN input representations, recall that the signal processing subsystem 1220 may provide various Rf signal 
measurements as input to an ANN (such as the Rf signal measurements derived from verified location signatures in the location 
signature data base U20). For example, a representation of a histogram of the frequency of occurrence of CDMA fingers in a time 
delay vs. signal strength 2-dimensional domain may be provided as input to such an ANN. In particular, a 2-diroensional grid of 
signal strength versus time delay bins may be provided so that received signal measurements are slotted into an appropriate bin of 
the grid. In one embodiment, such a grid is a six by six array of bins such as illustrated in the left portion of fig. 14. That is, each of 
the signal strength and time delay axises are partitioned into six ranges so that both the signal strength and the time delay of RF 
signal measurements can be slotted into an appropriate range, thus determining the bin. 

Note that RF signal measurement data (i.e n location signatures) slotted into a grid of bins provides a convenient 
mechanism for classifying RF measurements received over time so that when each new RF measurement data is assigned to its bin, a 
counter for the bin an be incremented. Thus in one embodiment, the Rf measurements for each bin an be represented pictorially as 
a histogram. In any case, once the RF measurements have been slotted into a grid, various filters may be applied for filtering outliers 
and noise prior to inputting bin values to an ANN. Further, various amounts of data from such a grid may be provided to an ANN. In 
one embodiment, the tally from each bin is provided to an ANN. Thus, as many as 108 values could be input to the ANN (two values 
defining each bin, and a tally for the bin). However, other representations are also possible. For instance, by ordering the bin tallies 
linearly, only 36 need be provided as ANN input Alternatively, only representations of bins having the highest tallies may be 
provided as ANN input Thus, for example, if the highest 10 bins and their tallies were provided as ANN input, then only 20 inputs 
need be provided (Le^ 10 input pairs, each having a single bin identifier and a corresponding tally). 

In addition, note that the signal processing subsystem 1220 may also obtain the identifiations of other base stations 122 
(152) for which their pilot channels an be detected by the target MS 140 (vl. the forward path), or for which the base stations an 
detect a signal from the target MS (ul, the reverse path). Thus, in order to effectively utilize substantially all pertinent loation RF 
signal measurements (i.e., from loation signature data derived from communiations between the target MS 140 and the base station 
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Jnfrastructure), a tedniqwu provided wberein'a plurality of ANNs may be activated using various portion $ of an ensemble of "<• ' 
location signature data obtained. However, before describing this technique, it is worthwhile to note that a naive strategy of 
providing input to a single ANN for locating target MSs throughout an area having a large number of base stations (e.g„ 300) is likely 
to be undesirable. That is, given that each base station (antenna sector) nearby the target MS is potentially able to provide the ANN 
with location signature data, the ANN would have to be extremely large and therefore may require inordinate training and 
retraining. For example, since there may be approximately 30 to 60 ANN inputs per location signature, an ANN for an area having 
even twenty base stations 122 can require at least 600 input neurons, and potentially as many as 1,420 (Le, 20 base stations with 70 
inputs per base station and one input for eve? one of possibly 20 additional surrounding base stations in the radio coverage area 120 
that might be able to detect, or be detected by, a target MS 140 in the area corresponding to the ANN). 

Accordingly, the technique described herein limits the number of input neurons in each ANN constructed and generates a 
larger number of these smaller ANNs. That is, each ANN is trained on location signature data (or, more precisely, portions of location 
signature clusters) in an area A^ (hereinafter also denoted the "net area"), wherein each input neuron receives a unique input from 
either 

(Al) location signature data (e.g„ signal strength/time delay bin tallies) corresponding to transmissions between an MS 140 and a 
relatively small number of base stations 122 in the area A,,,, for instance, location signature data obtained from, for example, 
four base stations 122 (or antenna sectors) in the area A,**, Note, each location signature data cluster includes fields 
describing the wireless communication devices used; e.g, (i) the make and model of the target MS; (n) the current and 
maximum transmission power; (in) the MS battery power (instantaneous or current); (iv) the base station (sector) current 
power level; (v) the base station make and model and revision level; (vi) the air interface type and revision level (of. e.g., CDMA, 
TDMAorAMPS). 

(A2) a discrete input corresponding to each base station 122 (or antenna sector 130) in a larger area containing A^, wherein each 
such input here indicates whether the corresponding base station (sector): 

(i) is on-line (i .e, capable of wireless communication with MSs) and at least its pilot channel signal is detected by the target 
MS 140, but the base station (sector) does not detect the target MS; 

(ii) is on-line and the base station (sector) detects a wireless transmission from the taijet MS, but the target MS does not 
detect the base station (sector) pilot channel signal; 

(iH) is on-line and the base station (sector) detects the target MS and the base station (sector) is detected by the target MS; 

(iv) is on-fine and the base station (sector) does not detect the target MS, the base station is not detected by the target MS; or 

(v) is off-line (i .e, incapable of wireless communication with one or more MSs). 
Note that (i)-(v) are hereinafter referred to as the "detection states." 

Thus, by generating an ANN for each of a plurality of net areas (potentially overlapping), a local environmental change in the wireless 
signal characteristics of one net area is unlikely to affect more than a small number of adjacent or overlapping net areas. 
Accordingly, such local environmental changes can be reflected in that only the ANNs having net areas affected by the local donge 
need to be retrained. Additionally, note that in cases where RF measurements from a target MS 140 are received across multiple net 
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wW^ 1 !^^ providing multiple MS location estimates. Further,multiple ANNs may^be activated when 

a location signature cluster is received for a target MS 140 ami location signature duster includes location signature data 
corresponding to wireless transmissions between the US and, e.g., more base stations (antenna sectors) than needed for the collection 
B described in the previous section. That is, if each collection B identifies four base stations 122 (antenna acton), and a received 
location signature cluster includes location signature data corresponding to five base stations (antenna sectors), then there may be 
up to five ANNs activated to each generate a location estimate. 

Moreover, for each of the smaller ANNs, it is likely that the number of input neurons is on the order of 330; (i.e n 70 
inputs per each of four location ^natures ( Le n 35 inputs for the forward wireless communications and 35 for the reverse wireless 
communications), plus 40 additional discrete inputs for an appropriate area surrounding A^ plus 10 inputs related type of MS, 
power levels, etc However, it is important to note that the number of base stations (or antenna sectors 130) having corresponding 
location signature data to be provided to such an ANN may vary. Thus, in some subareas of the coverage area 120, location signature 
data from five or more base stations (antenna sectors) may be used, whereas in other subareas three (or less) may be used. , 

Regarding the output from ANNs used in generating MS location estimates, there are also numerous options. In one 
embodiment, two values corresponding to the latitude and longitude of the target MS are estimated. Alternatively, by applying a 
mesh to the coverage area 120, such ANN output may be in the form of a row value and a column value of a particular mesh cell (and 
its corresponding area) where the target MS is estimated to be. Note that the all sizes of the mesh need not be of a particular shape 
nor of uniform size. However, simple non-oblong shapes are desirable. Moreover, such cells should be sized so that each all has an 
area approximately the size of the maximum degree of location precision desired. Thus, assuming square mesh cells, 250 to 350 feet 
per cell side in an urban/subu/ban area, and 500 to 700 feet per cell side in a rural area may be desirable. 

Artificial Neural Network Training 

The following are steps provide one embodiment for training a location estimating ANN according to the present invention. 

(a) Determine a collection, C of dusters of RF signal measurements (Le., location signatures) such that each cluster is for RF 

transmissions between an MS 140 and a common set, B, of base stations 122 (or antenna sectors 130) such the 
measurements are as described in (Al) above. In one embodiment, the collection C is determined by interrogating the 
location signature data base 1320 for verified location signature clusters stored therein having such a common set B of 
base stations (antenna sectors). Alternatively in another embodiment, note that the collection C may be determined 
from (i) the existing engineering aid planning data from service providers who are planning wireless cell sites, or (ii) 
service provider test dataobtained using mobile test sets, access probes or other RF field measuring devices. Note that 
such a collection B of base stations (antenna sectors) should only be created when the set C of verified location signature 
clusters is of a sufficient size so that it is expected that the ANN can be effectively trained. 

(b) Determine a collection of base stations (or antenna sectors 130), B\ from the ammon set B, wherein B' is small (e^ 

fourorfive). 



71 



WO 98/10307 PCT/US97/15892 

. - , w (c) ; Peterape the pa,,A WDI , i to J be.ai»OTted,wiihcoBKtion B* of base stations (antenna sectors): In one embodiment; thi$^ 
area is selected by determining an area containing the set L of locations of an verified location signature clusters 
determined in step (a) having location signature data from each of the base stations (antenna sectors) in the collection 
B'. More precisely, the area, A^b may be determined by providing a covering of the locations of L, such as, eg., by cells 
of a mesh of appropriately fine mesh site so that each cell is of a size not substantially larger than the maximum HS 
location accuracy desired. 

(d) Determine an additional collection, b, of base stations that have been previously detected (and/br are likely to be 
detected) by at least one MS in the area A^. 

(e) Train the ANN on input data related to: (i) signal characteristic measurements of signal transmissions between MSs 140 at 

verified locations in and the base stations (antenna sectors) in the collection B\ and (5) discrete inputs of 
detection statu from the base stations represented in the collection b. For example, train the ANN on input including: 
(i) data from verified location signatures from each of the base stations (antenna sectorj) in the collection B\ wherein 
each location signature is part of a cluster in ^collection Q(ii) a collection cf discrete values corresponding to other 
base stations (antenna sectors) in the area b containing the area, 

Regarding (d) immediately above, it is important to note that it is believed that less accuracy is required in training a ANN 
used for generating a location hypothesis (in a f ON 1224) for the present invention than in most applications of ANNs (or other 
tninable/adaptive components) since, in most circumstances, when signal measurements are provided for bating a target MS 140, 
the location engine 139 will activate a plurality location hypothesis generating modules (corresponding to one or more FOMs 1224) 
for substantially simultaneously generating a plurality of different location estimates (Le., hypotheses). Thus, instead of training 
each ANN so that it is expected to be. e.g n 92% or higher in accuracy, it is believed that synergies with HS location estimates from 
other location hypothesis generating components will effectively compensate for any reduced accuracy in such a ANN (or any other 
location hypothesis generating component). Accordingly, it is believed that training time for such ANNs may be reduced without 
substantially impacting the MS locating performance of the location engine 139. 

rinding Near-Optimal Location Estimating Artificial Neural Networks 

In one traditional artificial neural network training process, a relatively tedious set of trial and error steps may be 
performed for configuring an ANN so that training produces effective learning. In particular, an ANN may require configuring 
parameters related to, for example, input data scaling, testAraining set dassffication, detecting and removing unnecessary input 
variable selection. However, the present invention reduces this tedium. That is. the present invention uses mechanisms such as 
genetic algorithms or other mechanisms for avoiding non-optimal but locally appealing (U., local minimum) solutions, and beating 
near-optimal solutions instead. In particular, such mechanism may be used to adjust the matrix of weights for the ANNs so that very 
good, near optimal ANN configurations may be found efficiently. Furthermore, since the signal processing system 1220 uses various 
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toe stations (antenna sectors 130), such mechanisms for finding near-optimal solutions may be applied to selecting appropriate 
filters as well. Accordingly, in one embodiment of the present invention, such f3tc5 are paired with particular ANNs so that the 
location signature data supplied to each ANN is filtered according to a corresponding •'filter description" for the ANN, wherein the 
5 filter description specifies the filters to be used on location signature data prior to inputting this data to the ANN. In particular, the 
filter description can define a pipeline of filters having a sequence offiten wherein for each two consecutive filters, f, and f,(f» 
preceding f J, in a filter description, the output of f r flows as input to Accordingly, by encoding such a filter description together 
with its corresponding ANN so that the encoding an be provided to a near optimal solution finding mechanism such as a genetic 
algorithm, it is believed that enhanced ANN beating performance can be obtained. That is, the combined genetic codes of the filter 

10 description and the ANN are manipulated by the genetic algorithm in a search for a satisfactory solution (Le., location error estimates 
within a desired range). This process and system provides a mechanism for optimizing not only the artificial neural network 
architecture, but also identifying a near optimal match between the ANN and one or more signal processing filters. Accordingly, the 
following filters may be used in a filter pipeline of a filter description: Sobel, median, mean, histogram normalization, input cropping, 
neighbor, Gausskm, Werner filters. 

15 One embodiment for implementing the genetic evolving of filter description and ANN pah is provided by the following 

steps that may automatically performed without substantial manual effort 

1) Create an initial population of concatenated genotypes, or genetic representations for each pair of an artificial neural 

networks and corresponding filter description pair. Also, provide seed parameters which guide the scope and 
characterization of the artificial neural network architectures, filter selection and parameters, genetic parameter* and 
20 system control parameters. 

2) Prepare the input or training data, including, for example, any scaling and normalization of the data. 

3) Build phenotypes, or artificial neural network/filter description combinations based on the genotypes. 

4) Train and test the artificial neural network/niter description phenotype combinations to determine fitness; e^ 

determine an aggregate location error .measurement for each networtyfilter description phenotype. 
25 5) Compare the fitnesses and/or errors, and retain the best network/filter description phenotypes. 

6) Select the best networks/filter descriptions in the phenotype population (le., the combinations with small errors). 

7) depopulate the population of genotypes for the artificial neural networks and the filte r descriptions bade to a 

predetermined size using the selected phenotypes. 

8) Combine the artificial neural network genotypes and filter description genotypes thereby obtaining artificial neural 
30 network/filter combination genotypes. 

9) Mate the combination genotypes by exchanging genes or characteristics/features of the network/ filter combinations. 

10) If system parameter stopping criteria is not satisfied, return to step 3. 
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architectures suited to (unction approximation, wen as fait back propagation, as well as characterizing several varieties of candidate 
tiansfer/activation functions, such as Tanh, logistic, linear, sigmoid and radial basis, furthermore, ANNs having complex inputs may 
be selected (as determined by a filter type in the signal processing subsystem 1220) for the genotypes. 

Examples of genetic parameters include: (a) maximum population size (typical default 300), (b) generation limit (typical 
default: SO), (c) selection criteria, such as a certain percentage to survive (typical default- Oi) or roulette wheel, (d) population 
refffling, such as random or cloning (default), (e) mating criteria, such as tail swapping (default) or two cut swapping, (f) rate for a 
choice of mutation criterion, such as random exchange (default 0.25) or section reversal, (g) population she of the concatenated 
artificial neural network/ filter combinations, (h) use of statistical seeding on the initial population to bias the random initialization 
toward stronger first order relating variables, and (i) neural node influence factors, e.g„ input nodes and hidden nodes. Such 
parameters can be used as weighting factors that influences the degree the system optimizes for accuracy versus network 
compactness. For example, an input node factor greater than 0 provides a means to reward artificial neural networks constructed 
that use fewer input variables (nodes). A reasonable default value b 0.1 for both input and hidden node facto* 

Examples of neural net/filter description system control parameters include: (a) accuracy of modeling parameters, such as 
relative accuracy. A-squared, mean squared error, root mean squared error or average absolute error (default), and (b) stopping 
criteria parameters, such as generations run, elapsed time, best accuracy found and population convergence. 

locating a Mobile Station Using Artificial Neural Networks 

When using an artificial neural network for estimating a location of an US 140, it is important that the artificial neural 
network be provided with as much accurate RF signal measurement data regarding signal transmissions between the target MS 140 
and the base station infrastructure as possible. In particular, assuming ANN inputs as described hereinabove, it is desirable to obtain 
the detection states of as many surrounding base stations as possible. Thus, whenever the location engine 139 is requested to locate a 
target MS 140 (and in partknhr m an eniergencyontext such as an emergency 911 call), the location center 140 automatically 
transmits a request to the wireless infrastructure to which the target MS b assigned for instructing the MS to raise its transmission 
power to full power for a short period of time (e.g, 100 milliseconds in a base station infrastructure configuration an optimized for 
such requests to 2 seconds in a non-optimized configuration). Note that the request for a change in the transmission power level of 
the target MS has a further advantage for location requests such as emergency 91 1 that are initiated from the MS itself in that a first 
ensemble of RF signal measurements can be provided to the location engine 139 at the initial 91 1 calling power level and then a 
second ensemble of RF signal measurements can be provided at a second higher transmission power level. Thus, in one embodiment 
of the present invention, an artificial neural oetworit can be trained not only on the location signature cluster derived from either the 
initial wireless 911 transmissions orthe full power transmissions, but also on the differences between these two transmissions. In 
particular, the difference in the detection states of the discrete ANN inputs between the two transmission power levels may provide 
useful additional information for more accurately estimating a location of a target MS. 
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< > . JI^WHfflS gathering RF, signal me^weraents from a wireless base station network for looting MSv- 

the network should not be overburdened with location related traffic Accordingly, note that network location data requests for data 
particularly useful for ANN based FOH$ is generally confined to the requests to the base stations in the immediate area of a target HS 
140 whose location is desired. For instance, both collections of base stations B* and b discussed in the context of training an ANN are 
also the same collections of base stations from which HS location data would be requested. Thus, the wireless network MS location 
data requests are data driven in that the base stations to queried for location data fa the collections B' and b) are determined by 
previous KF signal measurement characteristics recorded. Accordingly, the selection of the collections V and b are adaptable to 
changes in the wireless environmental characteristics of the coverage area 120. 

LOCATION SIGNATURE DATA BASE 

Before prDceedii^ with a description of other levels of the present invention as described in (24.1) through (243) above, in this section 
further detail is provided regarding the location signature data base 1320. Note that a brief description of the location signature data base was 
provided above indicating that this data base stores MS location data from verified and/or known locations (optionally with additional known 
environmental characteristic valws) for use in enhancing current target MS location hypotheses and for comparing archived location data with 
location signal data obtained from a current target MS. However, the data base management system functionality incorporated into the 
location signature data base 1320 is an important aspect of the present invention, and is thereto re described in this section. In particular, the 
data base management functionality described herein addresses a number of difficulties encountered in maintaining a large archive of signal 
processing data such as MS signal location data. Some of these difficulties an be described as follows: 

(a) in many signal processing©!^ 

of a related signal processing application, there must be an large amount of signal related data in the archive, and this data 
must be adequately maintained so that as archived signal data becomes less useful to the corresponding signal processing 
application fa the data becomes "inapplicable") its impact on the application should be correspondingly reduced. 
Moreover, as archive data becomes substantially inapjtob^ from the archive altogether. However, the 

size of the data in the archive makes it prohibitrve for such a process to be perfonned manually, and there may be no simple or 
straightforward techniques for automating such impact reduction or filtering processes for inapplicable signal data; 

(b) it is sometimes difficult to determine the archived data to use in comparing with newly obtained signal processing application 
data; and 

(c) it is sometimes difficult to determine a useful technique for comparing archived data with newly obtained signal processing 
application data. 

It s an aspect of the present invention that the data base management functionality of the location signature data base 1320 addresses 
each of the difficulties mentioned immediately above. For example, regarding (a), the location signature data base is "self cleaning" in that by 
associating a confidence value with each he sig in the data base and by reducing or increasing the confidences of archived ve rified loc sigs 
according to how well their signal characteristic data compares with newly received verified location signature data, the location signature data 
base 1320 maintamsa consistency with newly verified be sigs. 
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k . iwft WSV&te* b^. management functional descriptions describe someritlemorenoteworthy iunctionsotthe bation signature 
data base 1 320. Hote that there are various ways that these functions may be embodied. So as to not overburden the reader here, the details 
for one embodiment is provided in APPENDIX C F^s. 16a thmi^i 1 6c present a tabfe provkGng a brief desaiptbn of the attributes of the 
location signature data type stored in the location signature data base 1320. 

LOCATION SIGNATURE PROGRAM DESCRIPTIONS 

The following program updates the random be sigs in the location signature data base 1320. In one embodiment, this program is 
invoked primarily by the Signal Processing Subsystem. 

Update Location signature Database Program 

Update_loc _Sig_DB(newJoc_obj, selectionjriteria, locjigjiop) 

/* This program updates toe sigs in the location signature data base 1320. That is, this program updates, for example, at 
least the location information for verified random loc sigs residing in this data base. The general strategy here is to use 
information (if, "new Jocjjbf) received from a newly verified location (that may not yet be entered into the location 
signature data base) to assist in determining if the previously stored random verified loc sigs are still reasonably valid to 
use for 

(29J) estimating a location for a given collection (i.e., "bag") of wireless (e.g n COMA) location related signal 
characteristics received from an MS, 

(292) training (for example) adaptive location estimators (and location hypothesizing models), and 

(29J) comparing with wireless signal characteristics used in generating an MS location hypothesis by one of the MS 
location hypothesizing models (denoted First Order Models, or, FOMs). 
More precisely, since it is assumed that it is more likely that the newest location information obtained is more indicative of 
the wireless (CDMA) signal characteristics within some area surrounding a newly verified location than the verified be sigs 
(location signatures) previously entered into the Location Signature data base, such verified be sigs are compared for 
signal characteristic consistency with the newly verified location information (object) input here for determining whether 
some of these "older data base verified toe sigs still appropriately characterize their associated location. 

In particular, comparisons are iteratively made here between each (target) be sig "near" a new_bc_obj" and a 
population of toe sigs in the location signature data base 1320 (such population typically including the loc sig for 
"newjoc_obj)for: 

(29.4) adjusting a confidence factor of the target loc sig. Note that each such confidence factor is in the range [0, ,] 
with 0 being the lowest and I being the highest Further note that a confidence factor here can be raised as 
well as towered depending on how well the target be sig matches or is consistent with the population of loc 
sigs to which it is compared. Thus, the confidence in any particular verified loc sig, LS, can fluctuate with 
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geographically "near" IS. 

(295) remove older verified be jigs from use whose confidence value is below a predetermined threshold. Note, it is 
intended that such predetermined thresholds be substantially automatically adjustable by periodically testing 
various confidence factor thresholds in a specified geographic area to determine how well the eligible data 
base be sigs (for different thresholds) perform in agreeing with a number of verified be sigs in a "be sig 
test-bed", wherein the test bed may be composed of, for example, repeatable be sigs and recent random 
verified be qgs. 



Note that this program may be invoked with a (verified/known) random and/or repeatable loc sig as input 
furthermore, the target be sigs to be updated may be selected from a particular group of be sigs such as the random be 
sigs or the repeatable be sigs, such selection being determined according to the input parameter, "selection criteria" 
while the comparison population may be designated with the input parameter, "locjigjwp". for example, to update 
confidence factors of certain random be sigs near "new_bc_obj", "selectionjriteria" may be given a value indicating, 
"USEJANDOM JOCSIGS", and "bejig j»p w may be given a value indicating, "USE JEPEATABLE JOCJIGS". 
Thus, if in a given geographic area, the repeatable be sigs (from, e.g ., stationary transceivers) in the area have recently 
been updated, then by successively providing "new J>c_obj" with a be sig for each of these repeatable be sigs, the 
stored random loc sigs can have their confidences adjusted. 

Alternatively, in one embodiment of the present invention, the present function nay be used for determining 
when it is desirable to update repeatable be sigs in a particular area (instead of automatically and periodically updating 
such repeatable be sigs). for example, by adjusting the confidence factors on repeatable be sigs here provides a method 
for determining when repeatable be sigs for a given area should be updated. That is, for example, when the area's average 
confidence factor for the repeatable loc sigs drops below a given (potentially high) threshold, then the MS* that provide the 
repeatable be sigs can be requested to respond with new be sigs for updating the data base. Note, however, that the 
approach presented in this function assumes that the repeatable location information in the baton signature data base 
1320 is maintained with high confidence by, for example, frequent data base updating. Thus, the random location 
signature data base verified location information may be effectively compared against the repeatable loc sigs in an area. 
INPUT: 

new Joc_obj: a data representation at least including a loc sig for an associated location about which Location 
Signature loc sigs are to have their confidences updated. 

selectionjriteria: a data representation designating the loc sigs to be selected to have their confidences updated 
(may be defaulted). The following groups of be sigs may be selected: M USEJWNDOM_LQC_SIGS w (this is the 
defauh),USEJEPEATABLEJOCJI(S"/USEJLLJOCJIGS". Note that each of these selections has values 
for the following values associated with it (although the values may be defaulted): 
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— > (ay a confidence reductionfactor.fDr.fgdufinp br tig confidences, - ..- - — — 

(b) a big error threshold for determining the errors above which are considered too big to ignore, 

(c) a confidence increase factor for increasing loc sig confidences, 

(d) a small error threshold for determining the errors below which are considered too small (he, good) to 
ignore. 

(e) a recent time for specifying a time period for indicating the loc sigs here considered to be "recent", 
loc Juop a data representation of the type of be sig population to which the loc sigs to be updated are 

compared. The following values may be provided: 

(a) "USE AIL LOC SIGS IN DB", 

(b) "USE ONLY REPEATABLE LOC SIGS" (this is the default), 

(c) "USE ONLY LOC SIGS WIN SIMILAR TIME Of DAY" 

However, environmental characteristics such an weather, traffic, season are also contemplated. 

Confidence Aging Program 

The following program reduces the confidence of verified loc sigs in the location signature data base 1320 that are likely to 
be no longer accurate (u„ in agreement with comparable loc sigs in the data base). If the confidence is reduced low enough, then 
such loc sigs are removed from the data base. Further, if for a location signature data base verified location composite entity fut, a 
collection of loc sigs for the same location and time), this entity no longer references any valid loc sigs, then it is also removed from 
the data base. Note that this program is invoked by "Update J^^OB". 

reduce J>ad_DB Joe _$ig$(loc_sig_bag , errorjec jet, big^error_threshold confidence ^reduction Jactor, 

recemjime) 

Inputs: 

to-jigjap A collection or "bag" of be sigs to be tested for determining if their confidences should be towered 

and/or any of these be sigs removed. 
error_rec_set: A set of error records (objects), denoted "error_recs\ providing information as to how much each 

be sig in "toc_sigjag" disagrees with comparable loc sigs in the data base. That is, there is a 

"error rK" here foreach loc sig m "toe sig bag". 
big^errorjlireshold: The error threshold above which the errors are considered too big to ignore, 
confidence redudion Jacton The factor by which to reduce the confidence of be sigs. 

recent Jime: Time period beyond which be sigs are no bnger considered recent Note that "recent" loc sigs (Le„ 
more recent than "recent Jime") are not subject to the confidence reductbn and filtering of this 
actions of this function. 
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Confidence Enhancement Program.. 

The following program increases the confidence of verified Location Signature toe sig$ that are (seemingly) of higher 
accuracy (i.e., in agreement with comparable loc jigs in the location signature data base 1320). Note that this program is invoked by 
"UpdatelocSigDB". 

increa$e_confidence_of^ JBJoc_$igs(nearbyJoc_$igJag, error_rec_set, $mall_error_thre$hold, 
confidencejncreajejactor, recent_time); 

Inputs 

toc_Jig_bag: A collection or "bag" of to be tested for determining if their confidences should be increased. 
em>r_rec_sec A set of error records (objects), denoted "errorjecs", providing information a$ to how much each 

be sig in "foc_sig_bag" disagrees with comparable be sigs in the location signature data base. That 

is. there is a "error rec'hereforeadilocsgin'loc sip haf. 
small_error_threjhold: The error threshold below which the errors are considered too small to ignore, 
eonfidencejnereasejactor: The factor by which to increase the confidence of toe jigs, 
recentjime: Time period beyond which foe sigs are no longer considered recent Note that "recent" be sigs (Le„ 

more recent than "recent time") are not subject to the confidence reduction and filtering of this 

actions of this function. 

Location Hypotheses Consistency Program 

The following program determines the conjiaency of location hypotheses with verified location information in the location 
signature data base 1320. Note that in the one embodiment of the present invention, this program is invoked primarily by a module 
denoted the historical location reasoner I424dejcribed sections hereinbelow. Moreover, the detailed description fortius program is 
provided with the description of the historical location reasoner hereinbelow for completeness. 
DB_Lot Jig_Error_Fit(hypothesi$, measuredjocjigjag, $earch_criteria) 

r This function determines how well the collection of be sigs in "measured_be_sig_bag" fit with the loc sigs in the location 
signature data base 1320 wherein the data base loc tigs must satisfy the criteria of tbe mpitt paiameter "seaxdi_crittna" and 
are relatively close to die MS location estimate of the location hypothesis, "hypothesis". 
Input hypothesis: MS location hypothesis; 

meajuredjocjigjag: A collection of measured location signatures ("be tip" for short) obtained from the MS 
(the data structure here is an aggregation such as an array or list). Note, it is assumed that there is at most 
one be sig here per Base Station in this collection. Additionally, note that the input data structure here may 
be a location signature duster such as the "bc_sig_duster" field of a location hypothesis (cf. Fig. 9). Note 
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.... . ^that variations in input data structures may be accepted here by utiToation of flag or tag bits as ore sldll«l in 
the art will appreciate; 

search_criteria: The criteria for searching the verified location signature data base for various categories of be 
sigs. The only limitation on the types of categories that may be provided here is that, to be useful, each 
5 category should have meaningful number of loc sigs in the location signature data base. The following 

categories included here are illustrative, but others are contemplated: 

(a) "USE AIL IOC SIGS IN DB" (the default), 

(b) a USE OHLY REPEATABLE LOC SIGS", 

(c) "USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY". 

10 Furtl « r categories of loc sigs close to the MS estimate of "hypothesis" contemplated are: all toe sigs for the 

same season and same time of day, all loc sigs during a specific weather condition (e^ snowing) and at the 
same time of day, as well as other limitations for other environmental conditions such as traffic patterns. 
Mote, if this parameter is NIL, then (a) is assumed. 
Returns: An error object (data type: "error_object") having: (a) an "error field with a measurement of the error in the fit 
15 of * loatio0 signatures from the MS with verified location signatures in the location signature data base 1320; 

and (b) a "confidence" field with a value indicating the perceived confidence that is to be given to the "error" 
value. •/ 



Location Signature Comparison Program 

The following program compares: (al) loc sigs that are contained in (or derived from) the loc sigs in 
20 "target Joe jig^bag" with (bl) bc sigs computed from verified loc sigs in the location signature data base 1320. That is, each be 
sig from (al) is compared with a corresponding loc sig from (b) to obtain a measurement of the discrepancy between the two loc sigs. 
In particular, assuming each of the loc sigs for "target Joe _sig>g w correspond to the same target MS location, wherein this 
location is "target Joe", this program determines how well the loc sigs in "target loc _sig_bag" fit with a computed or estimated 
loc sig for the location, "target loc" that is derived from the verified loc sigs m the location signature data base 1320. Thus, this 
25 program may be used: (a2) for determining bow well the loc sigs in the location signature cluster for a target MS 

("target Joc_sig_bag") compares with be sigs derived from verified location signatures in the location signature data base, and 
(b2) for determining how consistent a given collection of toe sigs ("targetjoc Jig Jag") from the location signature data base is 
with other loc sigs in the location signature data base. Note that in (b2) each of the one or more toe sigs in "target Joc_sigJ»g" 
have an error computed here that can be used in determining if the loc sig is becoming inapplicable for predicting target MS locations. 
30 Determinejxcation ^Signature Jit_Errors(target Joe, target Jocjigjag, search_area, search_criteria, 

output_eriteria) 

I* Input target Joe An MS location or a location hypothesis for an MS. Note, this can be any of the following: 
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. .. .^.^ 

in "target Joc_sigJ>ag" are the location signature duster from which this location 
hypothesis was derived. Note that if this location is inaccurate, then 
"target Jocsigbag" is unlikely to be similar to the comparable lot sigs derived from 
5 the toe sigs of the location signature data base dose "target Joe"; or 

(b) A previously verified MS location, in which case, the loc sigs of "target_loc jig Jag" 
were the be sigs measurements at the time they were verified. However, these loc sigs 
may or may not be accurate now. 
target Jocjig^bag: Measured location signatures floe sigs" for short) obtained from the HS (the data 
10 structure here, bag, is an aggregation such as array or fist). It is assumed that there is at least one loc sig 

in the bag. Further, it is assumed that there is at most one loc sig per Base Station; 
searcharea: The representation of the geographic area surrounding "target Joe". This parameter is used for 
searching the location Signature data base for verified loc sigs that correspond geographically to the 
location of an HS in "search_area; 
15 searchcriteria: The criteria used in searching the location signature data base. The criteria may include the 

following: 

(a) "USE ALL LOC SIGS IN DB", 

(b) "USE ONLY REPEATABLE LOC SIGS", 

(c) -USE ONLY LOC SIGS WITH SIMILAR TIME Of DAY". 

20 However, environmental characteristics such as: weather, traffic, season are also contemplated. 

output_criteria: The criteria used in determining the error records to output in "error rec bag". The criteria 
here may include one of: 

(a) -OUTPUT ALL POSSIBLE ERROR JECT; 

(b) "OUTPUT ERROR JECS FOR INPUT LOC SIGS ONLY". 

25 Returns: error rec bag: A bag of error records or objects providing an indication of the similarity between each loc sig 

in -target Joc_sigJag" and an estimated loc sig computed for "target Joe" from stored loc sigs in a surrounding 
area of "target Joe". Thus, each error record/object in "errorjecbag" provides a measurement of how well a loc 
sig (le, wireless signal characteristics) in "target Joe _sigj>ag" (for an associated BS and the MS at "target Joe") 
correlates with an estimated loc sig between this BS and MS. Note that the estimated loc sigs are determined using 

30 *rified location signatures in the Location Signature data base. Note, each error record in "error_rec Jag- 

includes: (a) a BS ID indicating the base station to which the error record corresponds; and (b) a error measurement 
(> = 0), and (c) a confidence value (in [0, 1]) indicating the confidence to be placed in the error measurement 
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The following program receives a collection of loc sigs and compotes a loc jig that is representative of the loc sigs in the 
collection. That is. given a coHection of toe sigs, -loc_jig_tag-, wherein each loc srg b associated with the same predetennimil Base 
Station, this program uses these be sigs to compute a representative or estimated be sig associated with the predetermined Base 
Station and associated with a predetermined MS location, "l« Jo^estiontion". Thus, if the be sigs in "bejigjag" are from the 
verified be sigs of the location signature data base such that each of these be sigs also has its associated MS location relatively dose 
to "foc_for_estiraation". then this program can compute and return a reasonable approximation of what a measured loc sig between 
an MS at "loc Jor_estimation" and the predetermined Base Station ought to be. This program is invoked by 
M Dettrmine_li}catMn_S^lIature_rrtJrro^ ,, . 

estimateJt>c_sig_nx)m_DB(locJor_estimation,l()c_jig_bag) 
Geographic Area Representation Program 

The following program determines and returns a representation of a geographk area about a bation.-toc", wherein: (a) 
the geographic area has associated MS locations for an acceptable number (Le, at least a determined minimal number) of verified be 
sigs from the location signature data base, and (b) the geographical area is not too big. However.if there are not enough loc sigs in 
even a largest acceptable search area about "be", then this largest search area is returned. "DB_loc_Sig_Error_Fit" 
get_area_to_search(loc) 

location signature Comparison Program 

This program compares two location signatures, "taigetbcsig" and " CT mparison_loc_sig", both associated with the 
same predetermined Base Station and the same predetermined MS location (or hypothesized location). This program determines a 
measure of the difference or error between the two be sigs relative to the variability of the verified location signatures in a collection 
of be sigs denoted the "comparisonjocrigbag" obtained from the location signature data base, it is assumed that 
"target toc sig", "comparison_bc_sig" and the be sigs in "comparisoolocsigjag" are all associated with the same base 
station. This program returns an error record (object), "error_rec-. having an error or difference value and a confidence value fnr 
the error vatae. Note, the signal characteristia of -target_loc_sig- and tboseof "comparison_be_sig" are not assumed to be 
similarly normalized (e*. via filters as per the filters of the Signal Processing Subsystem) prior to entering this function. It is 
further assumed that typkally the input loc sigs satisfy the M search_criteria~. This program rs invoked by: the program, 
"Determine_lo<ation_SignatBre_Fit_Errors*', described above. 

get_difference_measurement(targetJoc_jig, comparison_loc_sig, comparison_loc_sig_bag, search_area, 

search_criteria) 

Input 
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- . toipU 0C _ si F locsig to which % r M error rec". determined, here is to be associated. - , . - . 
comparison Jocjig: The be sig to compare with the ^rgetjocjif. Note, if ^comparison Joc_sig w is NIL, then this 

parameter has a value that corresponds to a noise level of "target Joc_sig". 
comparison Jxjigjag: The universe of loc sigs to use in determining an error measurement between "target Joc_sig w and 
"comparison^ _sig" . Mote, the loc sigs in this aggregation include all loc sigs for the 
associated BS that are in the "search _area". 
search_area: A representation of the geographical area surrounding the location for all input loc sigs. This input is used for 

determining extra information about the search area in problematic circumstancBs. 
s*ard)_criteria: The criteria used in searching the location signature data base. The criteria may include the following: 
(aJ-USEAULOCSIGSIHDB", 

(b) "USE ONLY REPEATABLE LOC SIGS", 

(c) "USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY 

However, environmental characteristics such as: weather, traffic, season are also contemplated. 

Detailed Description of the Hypothesis Evaluator Nodules 

■ > 

Context Adjuster Embodiments 

The context adjuster 1326 performs the first set of potentially many adjustments to at least the confidences of location hypotheses, and in 
some important embodiments, both tteanfidenm and tte target MS location estta 

previous performances of the fOHs. More particularly, as mentioned above, the context adjuneradjusts confidences so that, assuming there is 
a sufficient density verified location signature dusters captured in the location signature data base 1320, the resulting location hypotheses 
output by the context adjuster 1326 may be farther processed uniformly and substantially without concern as to differences in accuracy 
beftwsntfKfimorterrrKKfebfro^ Acconiingly, thecontextadjusteradjusts hxation hypotheses both 

toenvironrrerrtalfacttB(e^t 

order model (TOM) has been at locating previous target MS's whose locations were subsequently verified. 

Of particular importance rs the novel computational paradigm utifrad herein. That is, if there is a sufficient density of previous verified 
MS bcatbndatt stored b the location s^nature 

fu, the location signature data base) for amstnains new taiset H$ 140 bcatkm estimates. A more detailed disatssnn of this aspect of the 
pnaent inventiim a gwen hereinbebw. AcamTrnglir, onijr a brief ovemew b provided ben. Thus, soke the bcatm n s«naturc data base 1320 
stores previously captured MS location data indudmg: 

(a) dusters of MS location signature signals (see the location signature data base section for a discussion of there signals) and 

(b) aarresponding verified MS botjon,foreacnsudi duster, from where the MS signals originated. 
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teaittmadjqaer l326.tB»newt|r created taigpt MS fotation hypotheses output by the FOM'i as indexes or pointers into the loeatbn- • 
signature data base for identifying othergeograpfn^ areaswnerethetarget MS I40is liter/ to be located based on theveriTied MS location 
data in the location signature data base. 

In particular, at kast the following wo criteria are addressed by the context adjuster 1326: 
(*2J) Confidence vatoes for lo^ 

hypotheses originate. That is, the context adjuster moderates or dampens confidence value assignment distinctions or 
variations between first order models so that the higher the confidence of a location hypothesis, the more likely (or 
uiifiMy.ifthebca^ 

in the estimated area of the location li)rpothesis regardless of the First Order Hodel from whidi the location rr/|)crthesis was 
output; 

(312) Confidence values for location hypotheses may be adjusted to account for current environmental characteristics such as 
month, day (weekday or weekend), time of day, area type (urban, rural, etc), traffic and/or weather when 
comparing how accurate the first order models have previously been in determining an MS location according to 
such environmental characteristics, for example, in one embodiment of the present invention, such 
environmental characteristia are accounted for by utilizing a transmission area type scheme (as discussed in 
section 5.9 above) when adjusting confidence values of location hypotheses. Details regarding the use uf area 
types for adjusting the confidences of location hypotheses and provided hereinbelow, and in particular, in 
APPENDIX D. 

Note that in satisfying the above two cn^na,thecmiteirtadjuster I326,at least in one embodiment, may use heuristic (fuzzy 
logic) rules to adjust the confidence values of location hypotheses from the first order models. Additionally, the context adjuster 
may also satisfy the following criteria: 

(33.1) The context adjuster may adjust location hypothesis confidences due to BS failure(s), 

(33 2) Additionally in one embodiment, the context adjuster may have a calibration mode for at least one of: 

(a) calibrating the confidence values assigned by first order models to their location hypotheses outputs; 

(b) calibrating itself. 

A first embodiment of the context adjuster is discussed immediately hereinbelow and in APPENDIX D. However, the 
present invention also indudes other embodiments of the context adjuster. A second embodiment is also described in Appendix D so 
as to not overburden the reader and thereby chance losing penpective of the overall invention. 

A description of the high level functions in an embodiment of the context adjuster 1326 follows. Details regarding the 
implementation of these functions are provided in APPENDIX D. Also, many of the terms used hereinbelow are defined in APPENDIX 
D. Accordingly, the program descriptions in this section provide the reader with an overview of this first embodiment of the context 
adjuster 1326. 



Context_adjuster(roc_rr/p_hst) 
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.This function adjusts the location hypotheseson thejst, ^Jkypjist" so dmttecpfidences of the location hypotheses 
are determined more by empirical data than default values from the first Order Models 1224. That is, for each input location 
hypothesis, its confidence (and an MS location area estimate) may be exclusively determined here if there are enough verified location 
signatures available withir and/or surrounding the location hypothesis estimate. 

This function creates a new list of location hypotheses from the input list, "locjiypfot", wherein the location hypotheses on 
the new list are modified versions of those on the input fist for each location hypothesis on the input list, one or more corresponding 
location hypotheses will be on the output fist Such corresponding output location hypotheses will differ from their associated input 
location hypothesis by one or more of the following: (a) the "image_area" field (see fig. 9) may be assigned an area indicative of 
where the target HS is estimated to be, (b) if "imagearea" is assigned, then the "confidence" field will be the confidence that the 
target HS is located in the area for "imagejirea", (c) if there are not sufficient "nearby" verified location signature dusters in the 
location signature data base 1320 to entirely rely on a computed confidence using such verified location signature dusters, then two 
location hypotheses (having reduced confidences) will be returned, one having a reduced computed confidence (for "imagejirea") 
using the verified clusters in the Location Signature data base, and one being substantially the same as the associated input location 
hypothesis except that the confidence (for the field "area_est") is reduced to reflect the confidence in its paired location hypothesis 
having a computed confidprce for "imagejuea". Note also, in some cases, the location hypotheses on the input list, may have no 
change to its confidence or tin area to which the confidence applies. 
6et_adjusted_loc_hypjistjor(toc_hyp) 

This function returns a fist (or more generally, an aggregation object) of one or more location hypotheses related to the 
input location hypothesis, "be Jyp". In particular, the returned location hypotheses on the list are "adjusted" versions of 
"locjyp" in that both their target HS 140 location estimates, and confidence placed in such estimates may be adjusted according to 
archival HS location information in the location signature data base 1320. Note that the steps herein are also provided in flowchart 
form in figs. 26a through 26c 

RETURNS: loc_byp Jist This is a Est of one or more location hypotheses related to the 

input locjyp-. Each location hypothesis on "locjiypjist" will typically be 
substantially the same as the input tt tocjyp" except that there may now be a new target 
HS estimate in the field, "image_area", and/or the confidence value may be changed to 
reflect information of verified location signature dusters in the location signature data 
base. 

The function, "get_adjusted Jocjypfist _for," and functions called by this function presuppose a framework 
or paradigm that requires some discussion as weH as the defining of some terms. Note that some of the terms defined hereinbelow 
are illustrated in fig. 243. 

Define the term the "the duster set" to be the set of an HS location point estimates (e.g„ the values of the "pt_est" field of the 
location hypothesis data type), for the present FOM, such that 
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. , i * * - . , nfci&£J^ corresponding area (e^ the - lpc^hyp.pt. covering: being such a, .„ , 

predetermined corresponding area, or more generally, this predetermined corresponding area is determined as a 
function of the distance from an initial location estimate, t% n "loc hyp.pt est", from the FOM), and 
(b) these point estimates have verified location signature clusters in the location signature data base. 
Note that the predetermined corresponding area above will be denoted as the "cluster set area". 
Define the term M image duster set" (for a given first Order Model identified by "bcJypJOM JD") to mean the set of verified 
location signature clusters whose HS location point estimates are in -the duster set". 

Note that an area containing the "image duster set" will be denoted as the "image cluster set area" or simply the "image area" 
in some contexts. Further note that the "image cluster set area" will be a "small" area encompassing the "image duster set". In one 
embodiment, the image duster set area wiD be the smallest covering of cells from the mesh for the present FOM that covers the 
convei hull of the image duster set. Note that preferably, each cell of each mesh for each FOM is substantially contained within a 
single (transmission) area type. 

Thus, the present FOM provides the correspondences or mapping between elements of the cluster set and elements of the image 
duster set 

confidence_adjuster(FOM JD, image jirea, imagedusterset) 

This function returns a confidence value indicative of the target HS 140 being in the area for "imagearea". Note that 
the steps for this function are provided in flowchart form in Figs. 27a and 27b. 

RETURNS: A confidence value. This is a value indicative of the target MS being looted in the area represented by 
"image_area" (when it is assumed that for the related loc Jyp," the "cluster set area" is the "loc Jyp.pt_covering M 
and "tocJyp.FOMJD" is "FOM ID"). 

The function, "anfidence jufjusterr (and functions called by this function) presuppose a framework or paradigm that 
requires some discussion as well as the defining of terms. 

Define the term "mapped duster density" to be the number of the verified location signature dusters in an "image duster 
set" per unit of area i n the "image duster set area". 

It is believed that the higher the "mapped duster density", the greater the confidence an be had that a target MS actually 
resides in the "image duster set area* when an estimate for the target MS (by the present FOM) is in the corresponding "the 
duster set". 

Thus, the mapped duster density becomes an important factor in determining a confidence value for an estimated area of a 
target MS such as, for example, the area represented by "image_area w . However, the mapped cluster density value requires 
modification before it can be utilized in the confidence calculation, in particular, confidence values must be in the range [-1, 1] 
and a mapped duster density does not have this constraint Thus, a "relativized mapped cluster density" for an estimated HS 
area is desired, wherein this relativized measurement is in the range [-1 , + 1], and in particular, for positive confidences in the 
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. raappeddusttrdensity"asa - ww 

mapped duster density value, HCD, for the FOM and image duster set area wherein: 

(i) MCD b suf firiently high so that it correlates (at least at a predetermined likelihood threshold level) with the actual target 
MS location being in the "image duster set area" when a FOM target MS location estimate is in the corresponding "cluster 
set area"; 

That is, lor a duster set area (e^ "lxJjyp.pt_covering") for the present FOM, if the image duster set area: has a mapped 
duster density greater than the "prediction mapped duster density", then there is a high likelihood of the target MS being in the 
image duster set area. 

It is believed that the prediction mapped duster density will typically be dependent on one or more area types. In 
particular, it is assumed that lor each area type, there b a likely range of prediction mapped cluster density values that b 
substantially uniform across the area type. Accordingly, as discussed in detail hereinbebw, to calculate a prediction mapped 
duster density for a particular area type, an estimate is made of the correlation between the mapped duster densities of image 
areas (from duster set areas) and the likelihood that if a verified MS location: (a) has a corresponding FOM MS estimate in the 
duster set, and (b) is also in the particular area type, then the verified MS location b also in the image area. 

Thus, if an area b within a single area type, then such a "relativized mapped duster density" measurement for the area 
may be obtained by dividing the mapped duster density by the prediction mapped duster density and taking the smaller of: the 
resulting ratio and 1.0 as the value for the relativized mapped duster density. 

In some (perhaps most) cases, however, an area (e^ an image duster set area) may have portions in a number of area 
types. Accordingly, a "composite prediction mapped duster density" may be computed, wherein, a weighted sum b computed of 
the prediction mapped duster densities for the portions of the area that bin each of the area types. That is, the weighting, for 
each of the single area type prediction mapped duster densities, b the fraction of the total area that this area type is. Thus, a 
"relativized composite mapped duster density" for the area here may also be computed by dividing the mapped dusterdensity 
by the composite prediction mapped duster density and taking the smaller of: the resulting ratio and 1.0 as the value for the 
relativized composite mapped duster density. 
Accordingly, note that as such a relativized (composite) mapped dusterdensity for an image duster set area increases/decreases, it is 
assumed that the confidence of the target MS being in the image duster set area should increase/decrease, 
respectively. 

get_rampositejiredictron_rna^ 

The present function determines a composite prediction mapped cluster density by detenmning a composite pr^ 
mapped dusterdensity for the area represented by "image_area"and lor the First Order Model identified by "FOMJD". 
OUTPUT: composhemappedjenshy This is a record for the composite prediction 
mapped duster density. In particular, there are with two fieWs 
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.. t -v ^ (D a^aluc" field giving an approximation^ 
Order Model having id, FOM JD; 

(5) a "reliability" field giving an indication as to the reliability of the "value" field. The reliability 
field is in the range [0, 1] with 0 indicating that the "value" field is worthless and the larger the 
value the more assurance can be put in "value" with maximal assurance indicated when "reliability" 
is I. 



get jredictionmappeddustBrdeosityJortFOHJD, area _type) 

The present function determines an approximation to a prediction mapped duster density, D, for an area type such that if an 
image duster set area has a mapped duster density > = D, then there is a high expectation that the target MS 140 is in the 
image duster set area. Note that there are a number of embodiments that may be utilized for this function. The steps herein are 
also provided in flowchart form in Figs. 29a through 29h. 

OUTPUT: prediction jnapped_dusterjlensity This is a value giving an approximation to the prediction mapped 

clusterdensity forthe Tint Order Model having identity, "FOMJD", and for the area type represented by 
"areajype"*/ 

It is important to note that the computation here for the prediction mapped duster density may be more intense than 
some other computations but the cluster densities computed here need not be performed in real time target MS location 
processing. That is, the steps of this function may be performed only periodically (e.g., once a week), for each FOM and each area 
type thereby precomputing the output for this function Accordingly, the values obtained here may be stored in a table that is 
accessed during real time target MS location processing. However, for simplicity, only the periodically performed steps are 
presented here. However, one skilled in the art will understand that with sufficiently fast computational devices, some related 
variations of this function may be performed in real-time. In particular, instead of supplying area type as an input to this 
function, a particular area, A, may be provided such as the image area for a duster set area, or, the portion of such an image area 
in a particular area type. Accordingly, wherever "areajype" is used in a statement of the embodiment of this function below, a 
comparable statement with X can be provided. 

Location Hypothesis Analyzer Embodiment 

Referring now to Fig. 7, an embodiment of the Hypothesis Analyzer is illustrated. The control component is denoted the control 
module 1400. Thus, this control module manages or controls access to the run time bcatwn hypothesis storage area 1410. The control module 
1400 and the run time location hypothesis storage area 1410 may be implemented as a blackboard system and/or an expert system. 
Accordingly, in the blackboard embodiment, , and the control module 1400 determines when new location hypotheses may be entered onto the 
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bbtkhoanl from other processes such aj the context adjuster 1326 as well as when location hypothejes ray be ouw 
esdmator 1344. 

The following is a brief description of each suirnndule included in the location b/pothesk analyzer 1 332. 
(35.1) A control module 1 400 for maiagii^ or a>ntrolltng further processing of location hypotheses recsived from the contot adjuster. This 
module controls ail location hypothesis processing within the location hypothesis analyzer as well as providing the input interface with 
the context adjuster. There are numerous embodiments that may be utilized for this module, including, but not limited to, expert 
systems and blackboard managers. 

(352) A run-time location hypothesis storage area 1410 for retaining location hypotheses during their processing by the location hypotheses 

analyzer. Thh can be, for example, an expert system^ Note that in some of the discussion hereinbefaw, for 

simplicity, this module is referred to as a "blackboard". However, it is not intended that such notation be a fimhatbn on the present 
invention; i*, the term "blackboard" hereinafter wSl denote a nm-time data repository for a (fata processing paradigm wherein the 
flow of control is substantially data-driven 

(353) An analytical reasoner module 1416 for determining if (or bow weS) location hypotheses are consistent with well known physical or 

heuristic constraints as, e&, mentioned in (30.4) above. Note that this module may be a daemon or expert system rule base. 

(35.4) An historical location reasoner module 1424 for adjusting location hypotheses' confidences according to how well the location signature 
characteristics (Le., loc sigs) associated with a location hypothesis compare with M nearby M be sigs in the location signature data base 
as indicated in (303) above. Note that this module may also be a daemon or expert system rule base. 

(Hi) A location extrapolator module 1432 for use in updating previous location estimates for a target MS when a more recent location 
hypothesis is provided to the location hypothesis analyzer 1331 That is, assume that the control module 1400 receives a new location 
hypothesis for a target US for which there are also one or more previous location hypotheses that either have been recently processed 
(Le, they reside in the MS status repository 1338, as shown best in fig. 6), or are currently being processed (Le, they reside in the run- 
time location hypothesis storage area 1410). Accordingly, if the active jimestamp (see fig. 9 regarding location hypothesis data 
fields) of the newly received location hypothesis b sufficiently more recent than the adve jimestamp of one of these previous location 
hypotheses, then an extrapolation may be performed by the location extrapolator module 1432 on such previous location hypotheses so 
that all target HS location hypotheses being conairremly analyzed are presumed to indiKte tarpt MS location estiirotes for 
substantially the same point in time. Thus, initial location estimates generated by the FOMs using different wireless signal 
measurements, from different signal transmission time intervals, may have their corresponding dependent location hypotheses utilized 
simultaneously for determining a most Skely target MS location estimate. Note that this module may also be daemon or expert system 
rule base. 

(3Si) hypothesis generating module I42B for generating additional location hypotheses according to, for example, MS location information 
not adequately utilized or modeled. Note, location hypotheses may also be decomposed here if, for example it is determined that a 
location hypothesis includes an MS area estimate that has subareas with radically different characteristics such as an MS area estimate 
that includes an uninhabited area and a densely populated area. Additionally, the hypothesis generating module 1428 may generate 
"poor reception" location hypotheses that specify MS location areas of known poor reception that are "near" or intersect currently 
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adwbtatiBDbirpotte Note,^to 

FOHJDvaJaeorspwfktagfidOKittarepfdte 

apoor^nan^aichanareawiBnsuraainaain^ 

exception to thb amstraim is location hypothec generated from mobile base stations 148. Note thai this module may also be daemon 
or expm system rule base. 



In the Wacktoard system emoodimemd 
adjustmenuaiBperforniedonloatbnlijf^ Brieffy.abhtkboard 
system on be desoflKdasapartto Thatis: 

(36.1) a data ban called the -bbddxnid." whose stoied inToniation b commonly available to a coDection of pregramnaa e 

elements known as "daemons", wherein, in the present invention, the bbdoboairi includes information concerning the 
current status of the location hypotheses being evaluated to determine a "most Ckety" MS location estimate. Note that 
this data base is provided by the run time location hypothesis storage area 1410; 
(362) one or more active (and typically opportunistic) knowledge sources, denoted conventionally as "daemons." that create 
and modify the contents of the bbdcboard. The blackboard system employed requires only that the daemons haw 
application knowledge specific to the MS location |>robfemaddn^ by tte 
knowledgesouias wdaenmin the hy^ 
generating module 1428, and the historical location reasooer module 1416; 
(36J) acontrol tnodidethatenablestlie reanzatnnof the behavior ina serial computing eiwironrnenLThe contiDl element 
orchestrates the flow of control between the various daemons. This control module is provided by the control module 
1400. 

Notethat this bfectaard system^ 
the present invention, for further information regarding such blackboard systems, the following references are incorporated herein by 
refererrc: (a) Jagannathan, V, Dodbiawah, M Baum, L S. (1989). BbcklxBrfardm^^ Boston. Hit Harcourt Brace 

jovanovkh Publishers; (b)Eogeb»re.MHoipo,T. (1988). Blackboard systems. Reading, MA: /^Wesley Publismi>g Company. 

Altemrfvely.thefDntralniodufcMM 

w as a fucy nife inferencmg system, wherein the control module 1400 activates or fires" rules related to the knowledge domain (in the 

prmrtcase, rules rebtingtofe 

forexantpfe.ormrairc^ 

emtommerrthalsoirsedforordiestrating. 

analym(e^.asshownmr ? .7.tltta ra ly^ 

rnodufel424.andthelocatfflne^ 

incorporated liereml* refers (1970). A guide to expert systems. Reading, HA: AddTson-Wesley Publishing Company. 
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MS Statu Repository Embodiment 



The MS status repository 1338 is a run-time storage manager for storing location hypotheses from previous activations of the 
location engine 139 (as well as the output target MS location estimate^)) so that a target rfi may Ik tracfed using target US 
location hypotheses from previous lomioo engine 139 acthratioru to determine for example, a movement of the target MS between 
evaluatmnsofthetergetHSbatmn. Thos.ly^ 

positions of a target MS, measurements of the target MS's velocity, acceleration, and likely next position may be determined by the 
botionlypottesh^^ 

toresolveconffimbetweenhypottesesinaco^mac^ 
extrapolating a new location 

Most likelihood Estimator Embodiment 

Tie most likelilKKHlestimamrl344bar^^ 
(e*.asin<30J) above), "none embodiment, tie nrnuOkrfu^ 
confrfence values for anygeogra^^ 
e*mator,andwl«™„thel^ 
detenmnes,tearea(^ 
location estimates. 

Inoneentotfrnemoftter^^^ 
mesbalhofMa* preferably^ 
indir^ankelih^ 

target MS location estimates provided to the most likelihood estimator 1344. Thus, to obtain the most likely location determination^) the 
following steps are performed: 

(ajfmead.oftteadw location 

B26),ead.arrespondingmio^ 
(b)Subseq«ntly,eachc^^ 

AmrdingMfca^ Alternate if the 

tonfidenceof IEA is negative, then the alb of Qa l^tleirconftlences deceased. 
W^tottainterval^^ 

iatervab. Int. having lengths of.e*. 005, for each interval Int. perform a duster analysb function for dusteringtells with 
cortt^fcntesthatareinlntThus.atopographic^ 
higher confidence areas are analogous to represemations of areas having higher elevations. 
(d)Outoutampresenta^ 
grMubntyandrcprranr^ 



91 



WO 98/10307 



PCT/US97/15892 



Of course, variations in the above algorithm also within the scope of the present invention. For example, some embodiments of the 
most likelihood estimator 1344 tray: 

(e) Perform special processing for areas designated as "poor reception" areas. For example, the most likelihood estimator 1344 may 

be able to impose a confidence value of zero (Le., meaning it is unknovm as to whether the tai^ct MS is in the area) on each 
such poor reception area regardless of the location estimate confidence values unless there is a location hypothesis from a 
reliable and unanticipated source. That is, the mesh cells of a poor reception area may have then- confidences set to zero 
unless, e^., there is a bation hypothesis derived from target HS location data provided by a mobile base station 148 that j 
(a) is near the poor reception area, (b) abte to detea that the target MS MO is in tf« poor iraption area, ai^ (c) can reby ") 
t^jp^pn data to the toion enter j$L In such a case, the confides of the target US tootion estinate f rom the 
HBS location hypothesis may take precedence. ^ 

(f) Additionally, in some embodiments of the most likelihood estimator 1344, cells c of H that are "near" or adjacent to a covering 

may abo have their confidences adjusted according to how near the alls c are to the covering. That is, the assigning of 
confidences to cell meshes may be 1 unified" in the terms of fuzzy logic so that the confidence value of each location 
hypothesis utilized by the most likelihood estimator 1344 is provided with a weighting factor depending on its proxhy to the 
target KS location estimate of the location hypothesis. More precisely, it is believed that "nearness," in the present context, 
should be monotonk with the Vtdeness" of the covering; Le, as the extent of the covering increases (decreases) in a 
particular direction, the cells c affected beyond the covering also increases (decreases), furthermore, in some embodiments of 
the most fikefihood estimator 1 344, the greater (lesser) the confidence in the LEA, the more (fewer) cells c beyond the covering 
have their confidences affected. To describe this technique in further detail, reference is made to fig. 10, wherein an area A is 
assumed to be a covering Qa having a confidence denoted M conf*. Accordingly, to determine a confidence adjustment to add 
to a cell c not in A (and additionally, the centroid of A not being substantially identical with the centroid of c which could occur 
if A were donut shaped), the following steps may be performed: 

(i) Determine the centroid of A, denoted Cent(A). 

(ii) Determine the centroid of the ceP c denoted Q. 

(Hi) Determine the extent of A along the fine between Cem(A) and Q, denoted L 
frv) For a given type of probability density function, P(x), such as a Gaussian function, let T be the beginning 
portion of the function that fives on the x-axis interval [0, t], wherein P(t) = ABS(conf) = the absolute 
value of the confidence of C^. 
(v) Stretch T along the x-axis so that the stretched function, denoted sT(x), has an x-axis support of [0, 1/(1 +e" 
i»jj >where a jj jn ranp of 3 0 10 iojO; e.g M 5.0. Note that sT(x) is the function, 
Pfr»(l+e* c "* Bl) ' ^NlbMdUfldHL Further note that for confidences of + 1 
and -I , the support of sT(x) is [0, 1] and for confidences at (or near) zero this support. Further, the term, 

^l+et^WM-iJI) 
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Bmonoffliralljrmcre^ 

(vi) Deterrrtine D = the minimum distance that Q is outside of A along the Tine between Cem(A) and Q. 
(>5) Dmmiie the absolute value of t>R dtaj^e in the amfidenoe of c as sT(D). 

(v5) l^dievaluesT(D)withtesaiwspiaj(oiif,and pnmdetta potentially sign changed value iT(D)as 
the confidence of the cell c 

AddittonaOy, in some embodiments, the most lihefihood estimator 1344, upon receiving one or mote location hypotheses from the 
hypothesis analyzer 1332, also performs some or aD of the following tasks: 

(37.1) filters out location hypotheses having confidence values near zero whenever such location hypotheses are deemed too 

unrekabfetobeutffizedmdeterm^ foreampte, location hypotheses having confidence 

values in the range [-0.02, 0.02] may be filtered here; 

(37.2) Determines the area of interest over which to perform the integration. In one embodiment, this area is a convex hull 

including each of the HS area estimates from the received location hypotheses (wherein such location hypotheses have not 
been removed from consideration by the filtering process of (37.1)); 
(373) Determines, once the integration is performed, one or more collections of contiguous area mesh ceOs that may be deemed a 
"most Iftely" HS location estimate, wherein each such collection includes one or more area mesh cells having a high 
confidence value. 



Debited Description of the location Hypothesis Analyzer Submodotes 



Analytical Reasoner Module 

TheaririyticalrBasonerap^ 
IncatbnHypothesBSmrageAreaforadj^ 

"path 1 information. Ttet is, tho rr^ute cfetermir^ hypotheses are consistent with well known physical constraints 

suchastl*lawjofph)(sics,m^ 

fence between a previous (most likely) location estimate of a target HS and an etimate by a current location hypothesis requires the HS 
to: 

(a) move at an unreasonably fngh rate of speed (e{, 200 mph), or 

(b) move at an unreasonably high rateof speed for an area (tg, 80 mph in a com patch), or 

(c) make unreasonably sharp velocity changes (tgJromoO mph in one direction to 60 mph in the opposite direction Hi 4 sec), 
ttenthtonfirJence^ 

resulting from the FOHs by numaiftkis a window of previoin location hypotheses in the MS status reposttory 133a MoiHover, by additionauy 
retaining the "most likely" target HS location estimates (output by the most fikefihood estimator 1344), current location hypotheses may be 
compared against such most Rely MS location estimates. 
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The following path sanity dodo arc incorporated into the computationsof this module* is: 

(1 ) do the predictol HS paths generaOjr follow a known transportauoji pathway (e^ in the ose of a cakukted speed of peater 
than 50 miles per hour are the target MS location estimates within, for example, 2 miles of a 

sustained); if so (not), then increase (decrease) the confidents of the location hypotheses not satisfying this criterion; 

(2) are the speeds, velocities and accelerations, determined from the current and past target HS location estimates, reasonable for 
the region (e^speeds diouU be fessthan 60 miles per hour in adens urfaaii area at 9 am); if so (not), then oicrease 
(decrease) the confidence of those that are (unreasonable; 

(J) are the locations, speeds, velocities and/or accelerations similar between target MS tracks produced by different FONs similar, 
decrease the confidence of the currently active location hypotheses that are indicated as "outliers" by this criterion; 

(4) are the currently active location hypodm target MS estimates consbtem^ 

predicted to be from a previous (most likely) target HS estimate; if rot, then decrease the confidence of at least those location 
hypothesis estimates that are substantially different from the corresponding predictions, dote, however, that in some cases this 
may be over rule! For example, if the prediction is for an area for which there hbcatbn Base Statron coverage, and no 
Location Base Station covering the area subsequently reports communicating with the target MS, then the predictions are 
incorrect and any current location hypothesis from the same f OH should not be decreased here if it b outside of this Location 
Base Station coverage area. 

Notice from Fig. 7 that the analytical reasoner can access location hypotheses currently posted on the Run-time Location Hypothesis 
Storage Area. Additionally, it interacts with the Pathway Database which contains information concerning the location of natural 
transportation pathways in the region (highways, rivers, etc) and the Area Charaaerisda Database which contains information concerning, for 
example, reasonable velocities that can be expected in various regions (for instance, speeds of 80 mph would not be reasonably expected in 
dense urban areas). Notethat both speed and direction can be important constraints; e^ even though a speed might be appropriate for an 
area, such as 20 mph in a dense urtan area, if the direction indicated by a time series of related location hypothecs is directly throi^h an 
extensive building complex having no through traffic routes, then a reduction in the confidence of one or more of the location hypotheses may 
be appropriate. 

One embodiment of the Analytical Reasoner illustrating how such constraints may be implemented b provided in the following section. 
Note, however, that this embodiment analyzes only location hypotheses having a non-negative confidence value. 
Modules of an embodiment of the analytical reasoner module 1416 are provided hereinbelow. 

Path Comparison Module 

The path comparison module 1454 implements the following strategy: the confidence of a particular location hypothesis is be increased 
(decreased) if it b (not) predicting a path that lies along a known transportation pathway (and the speed of the target MS 'is sufficiently high). 
For instance, if a time series of target HS location hypotheses for a given FOHbpredk^ 
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tR^iw^r. conrd em of the cunendjf active hxation hypotl^s for this F W should, in pneral be increased. Thus,atahightevelthe 
following steps may be performed: 

(a) For each fOH having a currently active location hypothesis in the Run-time location Hypothesis Storage Area (also denoted 
"bbtkboanT), determine a recent "path" obtained from a time series of location hypotheses for the FOH This computation for the 
"path" is performed by stringing together successive "center of area" (COA) or centrotd vanes determined from the most pertinent 
taipt MS location estimate in each location bypoAesa(recaOdiateadi hxatioii hypotheshmay havea pliiralityof targetHS ana 
estimates with one being the most pertinent). The information is stored in, forenmple,a matrix of values wherein one dimension 
of the matrix identifies the FOH and the a second dimension of the matrix represents a series of COA path values. Of course, some 
entries in the matrix may be undefined. 

(b) Compare each path obtained in (a) against known transportation pathways in an area containing the path. A value, path_matdi(i). 
representing to whatextem the path naichesaiiy known transportations Such values are used later ma 
computation for adjusting the confidence of each correspoiidu^CBrrendy^ location hypothesis. 

Velocity/Acceleration Calculation Nodule 

The velocity/acceleration calculation module 1458 computes velocity anoVbr acceleration estimate for the target MS 140 using currently 
allocation hypotheses and previous location hypothesis estimates of the target MS. bi one embodiment, for each FOM 1224 having a 
currently active location hypcrthesis (with positive confidences) and a snfficient number of previous (reasonably recent) target MS location 
hypotheses, a velocity ano> acceleration may be calculated. In an alternative embodiment, such a velocity and/far acceleration may be 
catabtedusirigthecunBntlya^ 

engine 139. K the estimated velocity andybr acceleration corresponding to a currently active location hypothesis is reasonable for the region. 

tlen its coitftdena value may le incremenu^^ 
(a) A|>proximatt speed andMaaefa^^ 

information related to the currently active location hypotheses and previous target HS location estimates in a manner similar to the 
description of the path comparison module I4S4. Accordingly, a singe confidence adjustment value may be determined for each 
currently active kxadon h)r|)crthesis for indicatH5 the extent to which hs corraponding velocity and/br acceleration calculations are 
reasonable for its particular target MS location estimate. This calculation is performed by retrieving mformation from the area 
charaaeristiadatahajel4S0(fcg,r«s.6and7). SitxseachlocatnnhypotfKs^ 
krationngnah were received from the tanjrt 

location hypothesis can be straightforwardly approximated. Accordingly, a confidence adjustment value, vel oktl), bacTcattng a 
BkeShtmdthatthevelocHycakBhtedlort^ 

'mformation) may be appropriate is calculated using for the environmental characteristics of the location hypothesis* target MS 
location estimate. For example, the area characteristics data base 1450 may include expected maximum velocities ami/or 
acteieratiora for each area type ano>r cell of a cefl mesh of the coverage area 120. Thus, velodties and/br accebratioiB above such 
mawntim values may be indicative of anomalies in the MS location estimating process. Acrard'rngly, in one embodiment, the most 
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reoemkrationhyintbesa ^ 

eampfe, if the target HS location estimate includes a portnnor an interstate Idghwa^, then an appropriate velocity iraght 
correspond to a speed of up to 100 mBes per hour, whereas if the target HS location estimate includes only rural dirt roads and 
tomato patches, then a Rkely speed might be no more than 30 mites per hour mth an muirouni speed of 60 mifes per hour 
(assuming favorable environmental ctraraaeristjcs such as weather). Note that a fist of such environmental characteristics may 
mdude such factors as: area type, time of day, season. Further note that more unpredictable envirorrmemal characteristics such as 
traffic fbw patterns, weather (e*, dear, raining, snowing, etc) rrrayahobe hKfuded,vanresfortlresela»^ 
from the environmental database 1354 which receives and maintains information on such unpredictable characteristics (e.g. Figs. 6 
and7). Abo rote thatasintihrmrtfifc^ 

wherein the Gonfklence adjustment is related to the appropriateness of the accelefation estimate of the target MS. 



Attribute Comparison Module 

Tte attribute amtpaii™^ 
rfthBConfrienaofartamrftJieajrreiJtly 

That is, for ananribiite^atiattrftute value br A derived from a set of oneor more location hypotheses generated by one FOM. F0H[l], 

is compared with anotherattrib^ 

FOMpjfortorninmgtfto 

in S^qarulacumirtly active location hy^^ 

"tatt*mpthdaa"attri^ 

byafixedFOHoversome(nxem)tirneperiot 

wherein a value for the attribute bavelocityand/braccele^^ rwarionhvpr^sgermtedbyafKd FOM over some 
(ream) time period. 

In a general context, the attribute comparison module 1462 operates according to the following premise 
(38.1) for each of two or more currently active location hypotheses (with,fcg, positive confidences) h: 

(a) each of these currently active kcanon firpotbeses, H. was initialljr generated b/ a rorresponding different FOtl,,; 

(b) for a given MS estimate attribute and each i«najrret«ly active loatra 
attrilrijte(e^tneattri^ 

acceleration}, wherein the attribute value b derived without using a FOM different from FON^, and; 

(c) the derived attribute values duster sufficiently wefJ, 

theneach of these currently active location ttrpotheses, H. win have their corresponding confirJentes incieasel. That b. these conHdences wiH be 
increased by a confidence adjustment value or delta. 

Note that tk phrase -dustersuffrdemlyvrerab^ 
anal)rjBtthnqutt 
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a 5^5™$ J° one another. Further, ipn determining the (any) loatbn hypotheses satisfy^ may. 
be used in determining a change or delta in confidences to be applied. For example, in one embodiment, an initial default confidence delta that 
may be utilized is: if w cT denotes the confidence of such a currently active location hypothesis satisfying (38.1), then an increased confidence 
that stairen^ in the interval [0,IJ)Jm^ be: cf + [(I - d)/(l + rf )] J , or, d * [1.0 -h cf "J, n.= > 2, or. cf • [a constant having a 
system tuned parameter as afactor] . That is, the confktencB cfehas for these examples are: [(I - cf)/(l + cf)f (an additive delta), and, [ID 
+ d n ] (a multiplicative delta), and a constant Additionally, note that it is within the scope of the present invention to also provide such 
confidence deltas (additive deltas or multiplicative deltas) with factors related to the number of such beaten hypotheses in the cluster. 

Horem,iwtethatft«anaspedofthepresemi^ 1382 shown in 

Figs. 5, 6 and 8) for automatically determining performance enhancing changes in confidence adjustment values such as the confidence deltas 
for the present mod ut That is, sudi changes are determined by applying an adaptive mechanism, such as a genetic algorithm, to a collection 
of "system parameters" (including parameters specifying confidence adjustment values as weO as system parameters of, for example, the 
context adjuster 1326) in order to enhance performance of the present invention. Horn partiadarfy, such an adaptive mechanism may 
repeatedly perform the following steps: 

(a) modify such system parameters; 

(b) consequently activate an instantiation of the location engine 139 (having the modified system parameters) to process, as input, a 
series of MS signal location data that has been archived together with data corresponding to a verified MS location from which signal 
location data was transmitted (eg., such data as is stored in the location signature data base 1320); and 

(c) tten determine if the modifications to the system parameters enhanced location engine 139 performance in comparison to previous 
performances. 

Assuming this module adjusts confidences of currently active location hypotheses according to one or more of the attributes: target MS 
path data, target MS velocity, and target MS acceleration, the computation for this module may be summarized in the following steps: 

(a) Detennine if any of the ainentfy active bcation hypothesessadsfy tte prennse (38J) for the attribute. Note that in making this 
determination, average distances and average standard deviations for the paths (velocities and/or accelerations) corresponding to 
currently active location hypotheses may be computed. 

(b) For each currently active location hypothesis (wherein T uniquely identifies the location hypothesis) selected to have its confidence 
increased, a confidence adjustment value, path «miar(i) (alternatively, vetodty snnihr(i) and/br aoceleration sirmlar(i) ) v is 
computed indicating the extent to which tte attribute value matches another attribute value being predicted by another FOM. 

Note that such confidence adjustment values are used later in the calculation of an aggregate confidence adjustment to particular 
currently active location hypotheses. 

Analytical Reasoner Controller 

Given one or more currently active location hypotheses for the same target MS input to the analytical reasoner controller 1466, this controller 
activates, for each such input location hypothesis, the other suhmoduks of the analytical reasoner module 1416 (denoted hereinafter as 
-adjustment submodules^ with tWs bication hypottesis. Subsequently, the analytical reasoner 
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a**^ value comp^ 

submodutedetennines: 

(a) whether the adjustment submodule may appropriately compute a confidence adjustment value for the location hypothec 
supplied by the controller, (for example, m some cases there may not be a sufficient number of location hypothec ma time 
series from a fixed FOM); 

(b) if appropriate, tten tbe adjustment submodule cnnipiites a non-zero CDrrfidence adjustment value that is returned to the 
analytical reasoner controller. 

Subsequently, tbe controller uses tbe output from the adjustment sutmioduies to compute an aggregate confttencE adjustment for tbe 
corresponding bcation hypothesis. Inooeparticuhrembodimemofthepra^ 
values (desmTjed in sedbra above) are o^ 
adjusting the confidence of the cunemly active beat™ 

example of how such confidence adjustment values may be utilized, assuming a currently active ^ hypothesis is identified by V, the 
outputs from tbe above described adjustment submodules may be more fully described as: 

path jnatdi(i) I if there are sufficient previous (and recent) location hypotheses for the same target HS as V that 

have been generated by the same FOM that generated T, and, the target MS location estimates 
provided by the location hypothesis T and the previous location hypotheses follow a known 
transportation pathway. 
0 otherwise. 

ve, - ok ® 1 if the velocity calculated for the i h currently active location hypothesis (assuming adequate 

corresponding path information) is typical for the area (and the current environmental 
characteristia) of this bcation hypothesis* target NS location esdmate; 
02 if the velocity akulatd for the i^ 

area (and the current environmental characteristia) of this location hypothesis* target HS location 
estimate^ 

0 if the velocity calculated b above the maximum. 
«J*0 I if tbe acceleration cakuiated for the f* 1 currently active bcation hypothesb (assuming adeq uate 

corresponding path information) is typical for the area (and the current environmental 
daractermia) of this bation hypothesis* target MS baton estimate; 
02 if tttt acaleration calculated forthe ^currently active bcatnn hypothesb b neara maximum forthe 
area (and the current environmental characteristics) of this bation hypothesis' target MS location 
estimate;. 

0 if the alteration calculated is above the maximum. 
jWiarjatbp) I if the bcation hjrpothesis "T satisfies (38.1) for the tai^et HS pathdaa attribute; 0 othetwise. 

vekwtyjmhanl) I if the bcation hypothesb **T satisfies (38.1) for the target MS vebcity attribtite: 0 otherwise. 
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_ acceferation_$inflar(i)^ I Jf %loca»n V samfe (38J) for the target MS acoteration attribute; 0 otheiwisc 
extrapofation_chk(i) I if the tocatkui fajrpottesis T is ^near^a pievioasl/ predicted MS location forthe target HS; 0 
otherwise. 

Additionally, foreach of the aim confidence adjustment** there is a corresponding location engine 139 system setable parameter whose 
value may be determined by repeated activation of the adaptation engine I3B1 Acconfingly, for each of the confidence adj ustment types, T, 
above, there is a conesponding system setable pafameter, "alpha^r. that h tunable by the adaptation engine 1382. Accordingly,*! 
following high level program segment illustrates the aggregate confidence adjustment value computed by the Analytical Reasoner Controller. 

target MS bc hyps <-~ get aD currently active location hypotheses, H, identfying the present target ; 

for each currently active fetation hypothesis, hyp(i), from target JGJochyps do 

{ 

for each of the confidence adjustment submoduies, CA, do 

activate CA with hyp(i) as input; 
/* now compute the aggregate confidence adjustment using the output from the confidence adjustment submoduies. * / 
aggregate jtdjustment(i) <~ alpha jBthjnatdi * path_match(i) 
+ al|*a_velocity*veUk(i) 
+ alpha jath_sirmbr * path_sMar(i) 
+ alpha_vetecity_simiiar * velocity jimBarQ 
+ a^^accebration jimibr* alteration jimiiar(i) 
+ alpha extrapobtion * extrapolation chk(i); 
hyp(i)xonfidence <^hyp(i)xonfidefKe + agregate adjustment(i); 

} 



Historical Loation Reasoner 

The historical location reasoner module 1424 may be, for example, a daemon or expert system rule base. The module adjusts the 
confidences of currently active location hypotheses by using (from location signature data base 1320) historical signal data correlated 
with: (a) verified MS locations (e.g. locations verified when emergency personnel co-locate with a target HS location), and (b) various 
environmental factors to evaluate how consistent the location signature duster for an input location hypothesis agrees with such 
historical signal data. 

This reasoner will increase/decrease the confidence of a currently active loation hypothesis depending on how well its associated 
loc sigs correlate with the loc sigs obtained from data in the loation signature data base. 
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Note that the embodiment hereinbelow is but one of many embodiments that may adjust the confidence of currently active 
location hypotheses appropriately. Accordingly, it is important to note other embodiments of the historical location reasoner 
functionality are within the scope of the present invention as one skilled in the art will appreciate upon examining the techniques 
utilized within the specification. For example, calculations of a confidence adjustment factor may be determined using Monte Carlo 
techniques as in the context adjuster 1326. Each such embodiment generates a measurement of at least one of the similarity and the 
discrepancy between the signal characteristics of the verified location signature dusters in the location signature data base and the 
location signature cluster for an input currently active location hypothesis, M (oc_byp w . 

The embodiment hereinbelow provides one example of the functionality that can be provided by the historical location reasoner 
1424 (either by activating the following programs as a daemon or by transforming various program segments into the consequents of 
expert system rubs). The present embodiment generates such a confidence adjustment by the following steps: 

(a) comparing, for each cell in a mesh covering of the most relevant US location estimate in a loc Jyp", the location signature 
duster of the "loc Jiyp" with the verified location signature clusters in the cell so that the following are computed: (i) a 
discrepancy or error measurement is determined, and (ii) a corresponding measurement indicating a likelihood or 
confidence of the discrepancy measurement being relatively accurate in comparison to other such error measurements; 

(b) computing an aggregate measurement of both the errors and the confidences determined in (a); and 

(c) using the computed aggregate measurement of (b) to adjust the confidence of "lochyp". 

The program illustrated in APPENDIX E provides a more detailed embodiment of the steps immediately above. 
Location Extrapolator 

The location extrapolator 1432 works on the following premise: if for a currently active location hypothesis there is sufficiem previous related 
information regarding estimates of the target MS (e$, from the same FOM or from using a "most likely" previous target MS estimate output by 
the location engine 139), fen an extrapoiatran may be performed for predictii^ftmire tar^MS kcatnnsttmc2m bea^mpaiBd wrthnew 
location hypotheses provided to the blackboard. Note that interpolation routines (tg n conventional algorithms such as Lagrange or Newton 
polynomials) may be used to determine an equation that approximates a target MS path corresponding to a currently active location 
hypothesis. 

Subsequently, such an extrapolation equation may be used to compute a future target MS location. For further information regarding 
such interpolation schemes, the following reference is incorporated herein by reference: Mathews, 1992, Numerical methods for mathematics, 
science, and engineering. EngfewoodCGffs,NJ: Prentice Hall 

Accordingly, if a new currently active location hypothesis (eg., supplied by the context adjuster) is received by the blackboard, then the 
tarpt MS location estimate of the new location hypothesis may be compared with the predicted location. Consequently, a confidence 
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larger as the tow MS estimate and the predicted estimate become dosertogethtr. 

Note that in one embodiment of the present invention, such predictions are based solely on previous target MS location estimates output 
tybcalbn engine 139. Thus, in such an embodimer* substantia^ 

confidence adjustment value by this module once a sufficient number of previous target MS location estimates have been output Accordingly, a 
value, extrapobtiondiktl), that represents how accurately the new currently active location hypothesis (identified hereby V) matches the 
predicted location is determined. 

Hypothesis Generating Module 

The hypothesis generating module 1 428 is used for generating additional location hypotheses according to, for example, MS location 
information not adequately utilized or modeled. Note, location hypotheses may also be decomposed here rf, forexample it is determined that a 
bo&nlrypothesisir^ 

uninhabited area and a densely populated area. Additionally, the hypothesis generating module 1428 may generate "poor reception" location 
hypotheses that specify MS location areas of known poor reception tfat are W o r mtersect currently active location rrypothesei Note, that 
these poor reception location hypotheses may be specially tagged (e*. with a distinctive FOM ID value or specific rag fieW) so that regardless 
of substantially any other location Iryptrthests coruTdence value overlapping such a poor reception area, such an area will maintain a confidence 
vahieof "unknown" fu, zero). Note that substantially the oi>V exception to dis constraint is location hypotheses generated from mobile base 
stations 148. 
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Mobile Base Station Loatbn Subsystem Description 



HobiiaBSs^ 



Any collection of mobile electronic (denoted mobile location unit) that is able to both estimate a location of a target MS 140 , 
and communicate with the base station network may be utilized by the present invention to more accurately locate the target MS. 
5 Such mobile location units may provide greater target MS location accuracy by, for example, homing in on the target MS and by 
transmitting additional MS location information to the location center 141 There are a number of embodiments for such a mobile 
location unit contemplated by the present invention. For example, in a minima] version, such the electronics of the mobile location 
unit may be little more than an onboard MS 140, a sectored/directional antenna and a controller for communicating between them. 
Thus, the onboard MS is used to communicate with the location center 142 and possibly the target MS 140, while the antenna 
10 monitors signals for homing in on the target MS 140, In an enhanced version of the mobile location unit, a GpS^MrM^algber 0 
incorporated so that the location of the mobile location unit may be determined and consequently an estimatrofitejlocation^of ithei^ 
target MS may also be determined. However, such a mobile location unit is unlikely to be able to determine substantially more than a 
direction of the target MS 140 via the sectored/directional antenna without further base station infrastructure cooperation in, for 
example, determining the transmission power level of the target MS or varying this power leveL Thus, if the tarpt MS or the mobite 

15 location unit leaves the overage area 120 or resides in a poor communication area, it may be difficult to accurately determine where- 

■ • - ■ 

the target^lS is bated) Hone-the-less, such mobile location units may be sufficient for many situations, and in fact the present 
invention contemplates their use. However, in cases where direct communication with the target MS is desired without constant 
contact with the base station infrastructure, the present invention includes a mobile location unit that is also a scaled down version of 
a base station 121 Thus, given that such a mobile base station or MBS 148 includes at least an onboard MS 140, a 

20 sectored/directional antenna, a GPS receiver, a scaled down base station 122 and sufficient components (including a controller) for 
integrating the capabilities of these devices, an enhanced autonomous MS mobile location system an be provided that an be 
effectively used in, for example, emergency vehicles, air planes and boats. Accordingly, the description that follows below describes 
an embodiment of an MBS 148 having the above mentioned components and capabilities for use in a vehicle. 

As a consequence of the MBS 148 being mobile, there are fundamental differences in the operation of an MBS in 

25 comparison to other types of BS's 122 (152). In particular, other types of base stations have fixed loations that are precisely 
determined and known by the location center, whereas alootion of ah MBS 148 may be known only approximately and thus may 
require repeated anlfreqmntre^estimat^ Secondly, other types of taseStions have substantially fixed I and stable, 
communication with the location center (via possibly other BS's in the case of LBSs 152) and therefore although these BS's may be 
more reliable in their in their ability to communiate information related to the bation of a target MS with the location center, 

30 accuracy an be problematic in poor reception areas. Thus, MBS's may be used in areas (such as wilderness areas) where there may 
be no other means for reliably and cost effectively bating a target MS 140 (Le., there may be insufficient fixed loation BS's 
coverage in an area). 
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fig- 1 J provides a high level Mock diagram architecture of one embodiment of the MBS location subsystem 1508., . 

Accordingly, an MBS may include components for communicating with the fixed location BS network infrastructure and the location 
center 142 via an on-board transceiver 1512 that is effectively an MS 140 integrated into the location subsystem 1508. Thus, if the 
MBS 148 travels through an area having poor inf restructure signal average, then the MBS may not be able to communicate reliably 
5 with the location center 142 (eg., in rural or mountainous areas having reduced wireless telephony coverage). So it is desirable that 
the MBS 148 must be capable of functioning substantially autonomously from the location center. In one embodiment, this implies 
that each MBS 148 must be capable of estimating both its own location as well as the location of a target MS 140. 

Additionally, many commercial wireless telephony technologies require all BSYin a network to be very accurately time - } 
synchronized both for transmitting MS voice communicatbn as wefl as for other sewcessiKhM 
10 148 will also require such time synchronizatioiL Bwver, since an MBS 148 may not be in constant : communication with the fixed 
lo^on BS netw>rk (aS indeed may be off-line for substai^ be 
necessary. In one ^ embodimeni; wch a device may b^a comnw^ as shown in Fig. II. ? 

Since the MBS 148 , includes a scaled down version of a BS 122 (denoted 1522 in Fig. 1 1), it is capable of performing most typical 
BS 122 tasks, albeit on a reduced scale. In particular, the base station portion of the MBS 148 cam 
15 (a) raise/lower its pilot channel signal strength, 

(b) be in a state of soft hand-off with an MS 140, and/or 

(c) be the primary BS 122 for an MS 140, and consequently be in voice communication with the target MS (via the MBS 
operator telephony interface 1524) if the MS supports voice communication. 

Further, the MBS 148 can, if it becomes the primary base station communicating with the MS 140, request the MS to raise/lower its 
20 power or, more generally, control the communication with the MS (via the base station components 1 522). However, since the MBS 
148 will likely have substantially reduced telephony traffic opacity in comparison to a standard infrastructure base station 122, note 
that the pilot channel for the MBS is preferably a nonstandard pilot channel in that it should not be identified as a conventional 
telephony traffic bearing BS 122 by MS's seeking normal telephony communication. Thus, a target MS 140 requesting to be located 
may, depending on its capabilities, either automatically configure itself to scan for certain predetermined MBS pilot channels, or be 
25 instructed via the fixed location base station network (equhralentfy BS infrastructure) to scan for a certain predetermined MBS pilot 
channel. 

Moreover, the MBS 148 has an additional advantage in that it can substantially increase the refiabflity of communication with a 
target MS 140 in comparison to the base station infrastructure by being able to move toward or track the target MS 140 even if this 
MS is in (or moves into) a reduced infrastructure base station network coverage area. Furthermore, an MBS 148 may preferably use a 
30 directional or smart antenna 1526 to more accurately locate a direction of signals from a target MS 140. Thus, the sweeping of such a 
smart antenna 1526 (physically or electronically) provides directional information regarding signals received from the target MS 140. 
That is, such directional information is determined by the signal propagation delay of signals from the target MS 140 to the angular 
sectors of one of more directional amentias 1526 on-board the MBS 148. 
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Before proceeding to. further details of the MBS location subsystem 1508, an example of (he operation of an HBS 148 in the - 

context of responding to a 91 1 emergency call is given. In particular, this example describes the high level computational states 
through which the HBS 148 transitions, these states also being illustrated in the state transition diagram of Fig. 12. Note that this 
figure illustrates the primaiy state transitions between these HBS 148 states, wherein the solid state transitions are indicative of a 
typical "ideal" progression when looting or tracking a target HS 140, and the dashed state transitions are the primary state 
reversions due, for example, to difficulties in locating the target HS 140. 

Accordingly, initially the HBS 148 may be in an inactive state 1700, wherein the HBS location subsystem IS08 is effectively 
available for voice or data communication with the fixed location base station network, but the HS 140 locating capabilities of the 
HBS are not active, from the inactive state 1700 the HBS (e.g„ a police or rescue vehicle) may enter an active state 1704 once an 
HBS operator has logged onto the HBS location subsystem of the HBS, such logging being for authentication, verification and 
jounaDng of HBS 148 events. In the active state 1704, the HBS may be listed by a 911 emergency center and/or the location center 
142 as eligible for service in responding to a 91 1 request From this state, the HBS 148 may transition to a ready state 1708 sonifying 
that the HBS is ready for use in locating and/or intercepting a target HS 140. That is, the HBS 148 may transition to the ready state 
1708 by performing the following steps: 

(la) Synchronizing the timing of the location subsystem 1508 with that of the base station network infrastructure. In one 
embodiment, when requesting such time synchronization from the base station infrastructure, the HBS 148 will be at a 
predetermined or welt known location so that the HBS time synchronization may adjust for a known amount of signal 
propagation delay in the synchronization signal. 
^^^^^^rf*»JKi«. jii one embodiment, this may be accomplished by, for example, an HBS operator 

identifying the predetermined or well known location at which the HBS 148 is located. 
(Ic) Communicating with, for example, the 911 emergency center via the fixed location base station infrastructure to identify 
the HBS 148 as in the ready state. 

Thus, while in the ready state 1708, as the HBS 148 moves, it has its location repeatedly (re)-estimated via, for example, 
GPS signals. loationahterl42S location estimates from tlie base^ra 122 {and452), and an on-board deadreckoning subsystem 
1527 having an HBS location estrnntoFaccording to the programs described hereinbelow. However, note that the accuracy of the 
base station time synchronization (via the ribidium oscillator 1520) and the accuracy of the HBS 148 location may need to both be 
periodically recalibrated according to (la) and (lb) above. 

Assuming a 91 1 signal is transmitted by a target HS 140, this signal is transmitted, via the fixed location base station 
infrastructure, to the 91 1 emergency center and the location center 142, and assuming the HBS 148 is in the ready state 1708, if a 
corresponding 911 emergency request is transmitted to the HBS (via the base station mfrastructure) from the 91 1 emergency center 
or the location center, then the MBS may transition to a seek state 1712 by performing the following steps: 

(2a) Communicating with, for example, the 91 1 emergency response center via the fixed location base station network to receive 

the PN code for the target HS to be located (wherein this communication is performed using the HS-like transceiver 1512 

and/or the HBS operator telephony interface 1524). 
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(2c) Inputting by the UBS operator an acknowledgment of the target US to be located, and transmitting this acknowledgment 
to the 91 1 emergency response center via the transceiver 1511 

Subsequently, when the MBS 148 is in the seek state 1712, the MBS may commence toward the target MS location estimate 
provided. Note that it is likely that the MBS is not initially in direct signal contact with the target MS. Accordingly, in the seek state 
1712 the following steps nay be, for example, performed: 

(3a) The location center 142 or the 91 1 emergency response center may inform the target MS, via the fixed location base station 
network, to lower its threshold for soft hand-off and at least periodically boost its location signal strength. Additionally, 
the target MS may be informed to scan for the pilot channel of the MBS 148. (Bote the actions here are not, actions 
performed by the MBS 148 in the "seek state"; however, these actions are given here for clarity and completeness.) 
(3b) Repeatedly, as sufficient new MS location information is available, the location center 142 provides new MS location 

estimates to the MBS 148 via the fixed location base station network. 
(3c) The MBS repeatedly provides the MBS operator with new target MS location estimates provided substantially by the location 

center via the fixed location base station network. 
(3d) The MBS 148 repeatedly attempts to detect a signal from the target MS using the PN code for the target MS. 
(3e)The MBS 148 repeatedly estimates iu own location (as in other states as well), a^^ 



Assuming that the MBS 148 and target MS 140 detect one another (which typically occurs when the two units are within 2S 
to 3 miles of one another), the MBS enters a contact state 1716 when the target MS 140 enters a soft hand-off state with the MBS. 
Accordingly, in the contact state 1716, the following steps are, for example, performed: 
(4a) The MBS 148 repeatedly estimates its own location. 

(4b) Repeatedly, the location center 142 provides new target MS 140 and MBS location estimates to the MBS 148 via the fixed 

location base infrastructure network. 
(4c) Since the MBS 148 is at least in soft hand-off with the target MS 140, the MBS can estimate the direction and distance of 

the target MS itself using, rfor examplerde^r^t MS sigral strengAWd TOA as w location 

centtrqrget MS location estimates^ > 
(4d) The MBS 148 repeatedly provides the MBS operator with new target MS location estimates provided using MS location 

estimates provided by the MBS itself and by the location center via the fixed location base station network. 

When the target MS 140 detects that the MBS pilot channel is sufficiently strong, the target MS may switch to using the 
MBS 148 as its primary base station. When this occurs, the MBS enters a control state 1720, wherein the following steps are, for 
example, performed: 
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(5a) The MBS 140 repeated^ estimates its own fetation. , . . 

(5b) Repeatedly, the location center 142 provides new target US and MBS location estimates to the MBS 148 via the network ol 
base stations 122 (IS2). 

(5c) The MBS 148 estimates the direction and distance of the target MS 140 itself using, for example, detected target MS signal 
strength and TOA as well as using any recent location center target MS location estimates. 

(5d) The MBS 148 repeatedly provides the MBS operator with new target MS location estimates provided using MS location 
estimates provided by the MBS itself and by the location center 142 via the fixed location base station network. 

(5e) The MBS 148 becomes the primary base station for the target MS 140 and therefore controls at least the signal strength 
output by the target MS. 

Mote, there can be more than one MBS 148 tracking or locating an MS 140. There can also be more than one target MS 140 to be 
tracked concurrently and each target MS being tracked may be stationary or moving. 

HBS Subsystem Architecture 

An MBS 148 uses MS signal characteristic data for locating the MS 140. The HBS 148 may use such signal characteristic data to 
facilitate determining whether a given signal from the MS is a "direct shot" or an multipath signal That is, in one embodiment, the 
MBS 148 attempts to determine or detect whether an MS signal transmission is received directly, or whether the transmission has been 
reflected or deflected. For example, the HBS may determine whether the expected signal strength, and TOA agree in distance 
estimates for the HS signal transmissions. Note, other signal characteristic may also be used, if there are sufficient electronic and 
processing available to the HBS 148; Le, determining signal phase and/or polarity as other indications of receivinga "direct shot" 
from an HS 140. 

In one embodiment, the HBS I4B (fig. 1 1) includes an HBS controller 1533 for controlling the location capabilities of the HBS 
148. In particular, the HBS controller 1 533 initiates and controls the HBS state changes as described in fig. 12 above. Additionally, 
the HBS controller 1533 also communicates with the location controller 1535. wherein this latter controller controls HBS activities 
related to HBS location and target HS location: e.g. this performs the program. "roobile_base_station_controller" described in 
APPENDIX A hereinbelow. The location controller 1535 receives data input from an event generator 1537 for generating event 
records to be provided to the location controller 1535. For example, records may be generated from data input received front (a) 
the vehicle movement detector 1539 indicating that the HBS 148 has moved at least a predetermined amount and/or has changed 
direction by at least a predetermined angle, or (b) the HBS signal processing subsystem 1541 indicating that the additional signal 
measurement data has been received from either the location center 142 or the target HS 140. Note that the HBS signal processing 
subsystem 1541, in one embodiment, b similar to the signal processing subsystem 1220 of the location center 142. may have multiple 
command schedulers. In particular, a scheduler 1528 for commands related to communicating with the location center 142, a 
scheduler 1530 for commands related to GPS communication (via GPS receiver 1531). a scheduler 1529 for commands related to the 
frequency and granularity of the reporting of HBS changes in direction and/or position via the HBS dead reckoning subsystem 1527 
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(note that this scheduler is. potentially optional and that such commands may be provided directly to the deadreckoning estimator • 
IS44), and a scheduler 1532 for commumcating with the target MS(s) 140 being bated, further, it is assumed that there is 
sufficient hardware and/or software to appear to perform commands in different schedulers substantially concurrently. 

In order to display an HBS computed location of a target MS 140, a loation of the MBS must be known or determined. 
Accordingly, each MBS 148 has a plurality of MBS bation estimators (or hereinafter also simply referred to as loation estimators) 
for determining the loation of the NBS. Each such loation estimator compotes MBS location information such as MBS bation 
estimates, changes to MBS bation estimates, or, an MBS bation estimator may be an interface for buffering and/or translating a 
prevbuslyramputedHBSIoationestin«teto^ In particular, the MBS loation module 1536, which 

determines the loation of the MBS, may include the following MBS bation estimators IS40 (also denoted baseline loation 
estimators): 

(a) a GPS loation estimator 1540a (not individually shown) for computing an MBS bation estimate using GPS signals, 

(b) a loation center bation estimator 1540b (not individually shown) for buffering and/or translating an HBS estimate 
received from the bation center 142, 

(c) an MBS operator loation estimator 1540c (not individually shown) for buffering and/or translating manual HBS bation 
entries received from an MBS bation operator, and 

(d) in some MBS embodiments, an LBS bation estimator I540d (not individually shown) for the activating and deactivating 
of LBS*s 151 Note that, in high muftipath areas and/ar stationary base station marginal coverage areas, such low cost 
bation base stations 152 (LBS) may be provided whose lootions are fined and accurately predetermined and whose 
signals are substantially only receivable within a relatively small range (e.g, 2000 feet), the range potentially being 
variable. Thus, by communicating with the LBS's 152 directly.ithe MBS 148 may be abb to quickly use the bation 
information relating to the bation base stations for determining its loation by using signal characteristics obtained 
from the LBSs 151 

Note that each of the MBS baseline bation estimators 1540, such as those above, provide an actual MBS loation rather than, for 
example, a change in an MBS location, further note that h is an aspect of the present invention that additional MBS baseline bation 
estimators 1540 may be easily integrated into the MBS loation subsystem 1508 as such baseline location estimators become 
available, for example, a baseline bation estimator that receives MBS bation estimates f mm reflective codes provided, for 
example, on streets or street signs on be straightforwardly incorporated into the HBS bation subsystem I S08. 

Additionally, note that a plurality of MBS bation technologies and their corresponding NBS location estimators are utilized 
due to the fact that there is currently no single bation technology available that is both sufficiently fast, accurate and accessible in 
substantially all terrains to meet the bation needs of an HBS 148. for example, in many terrains GPS technologies may be 
sofncfewlyaaurate:ho^ 

greater than 2 minutes); (b) when GPS communication is disturbed, it may require an equally long time to provide a new loation 
estimate; (c) douds, buildings and/nr mountains on prevent bation estimates from being obtained; (d) in some ases signal 
reflections an substantially skew a location estimate. As another example, an HBS 148 may be abb to use triangutation or 
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irtfrastmaure BS coverage in the area the HBS is looted. Further, it is well known that the multipart phenomenon an substantially 
distort such location estimates. Thus, for an HBS 148 to be highly effective in varied terrains, an HBS is provided with a plurality of 
location technologies, each supplying an HBS location estimate. 
5 In fact, much of the architecture of the location engine 139 could be incorporated into an HBS 148. For example, in some 

embodiments of the HBS 148, the following FOM$ 1224 may have similar location models incorporated into the HBS: 

(a) a variation of the distance FOH 1224 wherein TOA signals from communicating fixed location BS's are received (via 
the HBS transceiver IS 12) by the HBS and used for providing a location estimate; 

(b) a variation of the artificial neural net based FOHs 1224 (or more generally a location learning or a classification 

10 mw,e 0 may be used to provide HBS location estimates via, for example, learned associations between fixed location 

BS signal characteristics and geographic locations; 

(c) an LBS location FOH 1224 for providing an HBS with the ability to activate and deactivate IBS's to provide (positive) 
HBS location estimates as well as negative HBS location regions (Le., regions where the HBS is unlikely to be since 
one or more LBS's are not detected by the HBS transceiver); 

15 ( d ) one of HBS location reasoning agents and/or a location estimate heuristic agents for resolving HBS location 

estimate conflicts and providing greater HBS location estimate accuracy. For example, modules similar to the 
analytical reasoner module 1416 and the historical location reasoner module 1424. 
However, for those HBS location models requiring communication with the base station infrastructure, an alternative 
embodiment is to rely on the location center 142 to perform the computations for at least some of these HBS FOH models. That is, 
20 since each of the HBS location models mentioned immediately above require communication with the network of fixed location BS's 
122 (152), it may be advantageous to transmit HBS location estimating data to the location center 142 as if the HBS were another HS 
140 for the location center to locate, and thereby rely on the location estimation capabifities at the location center rather than 
duplicate such models in the HBS 148. The advantages of this approach are that 

(a) an HBS is likely to be able to use less expensive processing power and software than that of the location center; 
25 ( b ) 3,1 "B » Bkly to require substantially less memory, particularly for data bases, than that of the location center. 

As will be discussed further below, in one embodiment of the HBS 148, there are confidence values assigned to the locations 
output by the various location estimators 1540. Thus, the confidence for a manual entry of location data by an HBS operator may be 
rated the highest and followed by the confidence for (any) GPS location data, followed by the confidence for (any) location center 
location 142 estimates, followed by the confidence for (any) location estimates using signal characteristic data from LBSs. However, 
30 such prioritization may vary depending on, for instance, the radio coverage area 120. In an one embodiment of the present 
invention, it is an aspect of the present invention that for HBS location data received from the GPS and location center, their 
confidences may vary according to the area in which the HBS 148 resides. That is, if it is known that for a given area, there is a 
reasonable probability that a GPS signal may suffer multipath distortions and that the location center has in the past provided 
reliable location estimates, then the confidences for these two location sources may be reversed. 
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Jn one emtodinK.nt.of the present invention, MBS operators my be requested to occasionally.manuaBy.enter the location of the 

MBS 146 when the MBS is stationary for determining and/or calibrating the accuracy of various MBS location estimators. 

There is an additional important source of location information for the MBS 148 that is incorporated into an MBS vehicle 
(such as a police vehide) that has no comparable functionality in the network of fixed location BS's. That is, the MBS 148 may use 
deadreckoning information provided by a deadreckoning MBS location estimator IS44 whereby the MBS may obtain MBS 
deadredconing location change estimates. Accordingly, the deadreckoning HBS location estimator 1544 may use, for example, an on- 
board gyroscope 1550, a wheel rotation measurement device (e.g. f odometer) 1554, and optionally an accelerometer (not shown). 
Thus, such a deadreckoning HBS location estimator 1544 periodically provides at least MBS distance and directional data related to 
MBS movements from a most recent MBS location estimate. More precisely, in the absence of any other new MBS location 
information, the deadreckoning MBS location estimator 1544 outputs a series of measurements, wherein each such measurement is an 
estimated change (or delta) in the position of the MBS 148 between a request input timestamp and a dosest time prior to the 
timestamp, wherein a previous deadreckoning terminated. Thus, each deadreckoning location change estimate indudes the following 
fields: 

(a) an "earliest timestamp" field for designating the start time when the deadreckoning location change estimate 
commences measuring a change in the location of the MBS; 

(b) a "latest timestamp" field for designating the end time when the deadreckoning location change estimate stops 
measuring a change in the location of the MBS; and 

(c) an MBS location change vector. 

That is, the latest timestamp" is the timestamp input with a request for deadreckoning location data, and the "earliest timestamp" 
is the timestamp of the closest time, T, prior to the latest timestamp, wherein a previous deadreckoning output has its a timestamp 
at a time equal to T. 

Further, the frequency of such measurements provided by the deadreckoning subsystem 1527 may be adaptive!/ provided 
depending on the velocity of the MBS 148 and/or the elapsed time since the most recent MBS location update. Accordingly, the 
architecture of at least some embodiments of the MBS location subsystem 1508 must be such that it can utilize such deadreckoning 
information (or estimating the location of the MBS 148. 

In one embodiment of the MBS location subsystem 1 508 described in further detail hereinbebw, the outputs from the 
deadreckoning MBS location estimator 1544 are used to synchronize MBS location estimates from different MBS baseline location 
estimators. That is, since such a deadreckoning output may be requested for substantially any time from the deadreckoning MBS 
location estimator, such an output can be requested for substantially the same point in time as the occurrence of the signals from 
which a new MBS baseline location estimate is derived. Accordingly, such a deadreckoning output can be used to update other MBS 
location estimates not using the new MBS baseline location estimate. 

It b assumed that the error with dead reckoning increases with deadreckoning distance. Accordingly, it is an aspect of the 
embodiment of the MBS location subsystem 1508 that when incrementally updating the location of the MBS 148 using deadreckoning 
and applying deadreckoning location change estimates to a "roost likely area" in which the MBS 148 is believed to be, this area is 
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„, incrementally.enlarged as well as shifted. The enlargement of the area is used to account for the inaccuracy in the deadrectoning - - 
capability. Note, however, that the deadrectoning MBS location estimator is periodically reset so that the error accumulation in hs 
outputs an be decreased. In particular, such resetting occurs when there is a high probability that the location of the MBS is known, 
for example, the deadrectoning MBS location estimator may be reset when an MBS operator manually enters an MBS location or 
verifies an MBS location, or a computed MBS location has sufficiently high confidence. 

Thus, due to the MBS 148 having less accurate location information (both about itself and a target HS 140), and further that 
deadrectoning information must be utilized in maintaining MBS location estimates, a first embodiment of the MBS location subsystem 
architecture is somewhat different from the location engine 139 architecture. That is, the architecture of this first embodiment is 
simpler than that of the architecture of the location engine 139. However, it important to note that, at a high level, the architecture 
of the location engine 139 may also be applied for providing a second embodiment of the MBS location subsystem 1508, as one skilled 
in the art will appreciate after reflecting on the architectures and processing provided at an MBS 148. For example, an MBS location 
subsystem I S08 architecture may be provided that has one or more first order models 1224 whose output b supplied to, for example, 
a blackboard or expert system for resolving MBS location estimate conflicts, such an architecture being analogous to one 
embodiment of the location engine 139 architecture. 

furthermore, it is also an important aspect of the present invention that, at a high level, the MBS location subsystem 
archrteaurcmayatobeappfed^ 139. Forexample,m one embodiment of the 

location engine 139, each of the first order models 1224 may provide its MS location hypothesis outputs to a corresponding location 
trade," analogous to the MBS location tracks described hereinbetow, and subsequently, a most likely MS current location estimate 
may be developed in a "current location track" (also described hereinbetow) using the most recent location estimates in other 
location tracks. 

Further, note that the ideas and methods discussed here relating to MBS location estimators 1540 and MBS location tracks, and, 
the related programs hereinbetow are sufficiently general so that these ideas and methods may be appfied in a number of contexts 
related to determining the location of a device capable of movement and wherein the location of the device must be maintained in 
real time. For example, the present ideas and methods may be used by a robot in a very cluttered environment (e.g„ a warehouse), 
wherein the robot has access: (a) to a plurality of "robot location estimators" that may provide the robot with sporadic location 
information, and (b) to a deadrectoning location estimator. 

Each MBS 148, additionally, has a location display (denoted the MBS operator visual user interface 1558 in Fig. II) where area 
maps that may be displayed together with location data. In particular, MS location data may be displayed on this display as a nested 
collection of areas, each smaller nested area being the most likely area within (any) encompassing area for locating a target MS 140. 
Note that the MBS controller algorithm below may be adapted to receive location center 142 data for displaying the locations of other 
MBSs 148 as well as target MSs 140. 

Further, the MBS 148 may constrain any location estimates to streets on a street map using the MBS location snap to street 
module 1562. For example, an estimated MBS location not on a street may be "snapped to" a nearest street location. Note that a 
nearest street location determiner may use "normal" orientations of vehicles on streets as a constraint on the nearest street location. 
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if the deadreckoning UBS location estimator 1544 indicates that the MBS 148 is moving in a northerly direction, then the street 
snapped to should be a north-south running street Moreover, the MBS location snap to street module 1562 may also be used to 
enhance target MS location estimates when, for example, it is known or suspected that the target MS 140 bin a vehicle and the 
vehicle is moving at typical rates of speed. Furthermore, the snap to street location module 1562 may also be used in enhancing the 
location of a target MS 140 by either the MBS 148 or by the location engine 139. In particular, the location estimator 1344 or an 
additional module between the location estimator 1344 and the output gateway 1356 may utilize an embodiment of the snap to street 
location module 1562 to enhance the accuracy of target MS 140 location estimates that are known to be in vehicles. Note that this 
may be especially useful in tooting stolen vehicles that have embedded wireless location transceivers (MSs 140), wherein appropriate 
wireless signal measurements on be provided to the location center 142. 

MBS Data Structure Remarks 

Assuming the existence of at least some of the location estimators 1 540 that were mentioned above, the discussion here refers 
substantially to the data structures and their organization as illustrated in fig. 13. 

The location estimates (or hypotheses) lor an MBS 148 determining its own location each have an error or range estimate 
associated with the MBS location estimate. That is, each such MBS location estimate includes a "most likely MBS point location" 
within a "most likely area". The "roost likely MBS point location" is assumed herein to be the centre-id of the "most likely area." In 
one embodiment of the MBS location subsystem 1508. a nested series of "most likely areas" may be provided about a most likely 
MBS point location. However, to simplify the discussion herein each MBS location estimate is assumed to have a single "most likely 
area". One skilled in the art win understand how to provide such nested "most likely areas" from the description herein. 
Additionally, it is assumed that such "most likely areas" are not grossly oblong; It, area cross sectioning lines through the centroid 
of the area do not have large differences in their lengths. For example, (or any such "most likely area". A. no two such cross 
sectioning lines of A may have lengths that vary by more than a fadorof two. 

Each MBS location estimate also has a confidence associated therewith providing a measurement of the perceived accuracy of 
the MBS being in the "most likely area" of the location estimate. 

A (MBS) "location track" is an data structure (or object) having a queue of a predetermined length for maintaining a temporal 
(timestamp) ordering of "location track entries" such as the location track entries 1770a, 1770b, 1774a, 1774b, 1778a. 1778b. 1782a, 
1782b, and 1786a (Fig. 13), wherein each such MBS location track entry is an estimate of the location of the MBS at a particular 
corresponding time. 

There is an MBS location trade for storing MBS location entries obtained from MBS location estimation information from each of 
the MBS baseline location estimators described above (ut, a GPS location track 1750 for storing MBS location estimations obtained 
from the GPS location estimator 1 540. a location center location track 1754 for storing MBS location estimations obtained from the 
location estimator 1540 deriving its MBS location estimates from the location center 142. an IBS location track 1758 lor storing MBS 
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152, and a manual location track 1762 for MBS operator entered MBS locations). Additionally, there is one further location track, 
denoted the "current location track" 1766 whose location track entries may be derived from the entries in the other location tracks 
(described further hereinbebw). Further, for each location track, there is a location track head that is the head of the queue for the 
5 location track. The location track head is the most recent (and presumably the most accurate) MBS location estimate residing m the 
location track. Thus, for the GPS location track 1750 has location track head 1770; the location center location track 1754 has 
location track head 1774; the LBS location track 1758 has location track head I77B; the manual location track 1762 has location trad 
head 1782; and the current location track 1766 has location track head 1786. Additionally, for notational convenience, for each 
location track, the time series of previous MBS location estimations (Le, location track entries) in the location track will herein be 
10 denoted the "path for the location track." Such paths are typically the length of the location track queue containing the path. Note 
that the length of each such queue may be determined using at least the following considerations: 

(i) In certain circumstances (described hereinbebw), the location track entries are removed from the head of the 
location track queues so that location adjustments may be made. In such a case, it may be advantageous for the 
length of such queues to be greater than the number of entries that are expected to be removed; 
15 (") ,n determining an MBS location estimate, it may be desirable in some embodiments to provide new location 

estimates based on paths associated with previous MBS location estimates provided in the corresponding location 
track queue. 

Also note that it is within the scope of the present invention that the location track queue lengths may be a length of one. 
Regarding location track entries, each location track entry includes: 
20 (a) a "derived location estimate" for the MBS that is derived using at least one of: 

(i) at least a most recent previous output from an MBS baseline location estimator 1540 (Lc the output being an 
MBS location estimate); 

(ii) deadreckoning output information from the deadreckoning subsystem 1527. 

Further note that each output from an MBS location estimator has a "type" field that is used for identifying the MBS 
25 location estimator of the output 

(b) an "earliest timestamp" providing the time/date when the earliest MBS location information upon which the derived 

location estimate for the MBS depends. Note this will typkally be the timestamp of the earliest MBS location 

estimate (from an MBS baseline location estimator) that supplied MBS location information used in deriving the 

derived location estimate for the MBS 146. 
30 (c) a "latest timestamp" providing the time/date when the latest MBS location information upon which the derived 

location estimate for the MBS depends. Note that earliest timescamp = latest timestamp only for so called 

"baseline entries" as denned hereinbebw. Further note that this attribute is the one used for maintaining the 

"temporal (timestamp) ordering" of location track entries. 
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rv,r. :. v v s W) A jmliating the total distance (e.g., wheel turns or odometer.drfference) since the most 

recent *y P^s baseline entry for the corresponding MBS location estimator for the location track to which the 
location trade entry is assigned 
For each MBS location track, there are two categories of MBS location track entries that may be inserted into a MBS location 

trade 

(a) "baseline* entries, wherein each such baseline entry includes (depending on the location track) a location estimate 
for the MBS 148 derived from: (i) a most recent previous output either from a corresponding MBS baseline location 
estimator, or (ii) from the baseline entries of other location tracks (this latter case being the for the "current* 
location track); 

(b) "extrapolation* entries, wherein each such entry indudes an MBS location estimate that has been extrapolated from 
the (most recent) location track head for the location track (Le., based on the track head whose "latest timestamp* 
immediately precedes the latest timestamp of the extrapolation entry). Each such extrapolation entry is computed 
by using data from a related deadreckoning location change estimate output from the deadreckoning MBS location 
estimator 1544. Each such deadreckoning location change estimate indudes measurements related to changes or 
deltas in the location of the MBS 148. More precisely, for each location track, each extrapolation enty is determined 
using: (i) a baseline entry, and (ii) a set of one or more (Le., all later occurring) deadreckoning location change 
estimates in increasing "latest timestamp" order. Note that for Rotational convenience this set of one or more 
deadreckoning location change estimates will be denoted the "deadreckoning location change estimate set" 
assodated with the extrapolation entry resulting from this set. 

(c) Note that for each location track head, it is either a baseline entry or an extrapolation entry. Further, for each 
extrapolation entry, there is a most recent baseline entry, B, that b earlier than the extrapolation entry and it is this 
B from which the extrapolation entry was extrapolated. This earlier baseline entry, B, is hereinafter denoted the 
-baseline entry associated with the extrapolation entry." More generally, for each location track entry, T, there is a 
most recent previous baseline entry, B, associated with T, wherein if T is an extrapolation entry, then B is as defined 
above, else ifTisa baseline entry itself, then T - B. Accordingly, note that for each extrapolation entry that is the 
head of a location track, there is a most recent baseline entry associated with the extrapolation entry. 

Further, there are two categories of location tracks: 

(a) "baseline location tracks," each having baseline entries exclusively from a single predetermined MBS baseline 
locatbn estimator; and 

(b) a "current" MBS location track having entries that are computed or determined as "most likely" MBS location 
estimates from entries in the other MBS location trades. 
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In order to be able to properly compare the track head $ to determine the most likely MBS location estimate it h an aspect of the 
present invention that the track heads of all location tracks include MBS location estimates that are for substantially the same 
(latest) timestamp. However, the MBS location information from each MBS baseline location estimator is inherently substantially 
unpredictable and asynchronized. In fact, the only MBS location information that may be considered profitable and controllable is 
the deadreckoning location change estimates from the deadreckoning MBS location estimator 1544 in that these estimates may 
reBably be obtained whenever there is a quey from the location controller 1535 for the most recent estimate in the change of the 
location for the MBS 148. Consequently (referring to Fig. 13), synchronization records 1790 (having at least a 1790b portion, and in 
some cases also having a 1 790a portion) may be provided for updating each location track with a new MBS location estimate as a new 
track head. In particular, each synchronization record includes a deadreckoning location change estimate to be used in updating aO 
but at most one of the location track heads with a new MBS location estimate by using a deadreckoning location change estimate in 
conjunction with each MBS location estimate from an MBS baseline location estimator, the location track heads may be synchronized 
according to timestamp. More precisely, for each MBS location estimate, E, from an MBS baseline location estimator, the present 
invention also substantially simultaneously queries the deadreckoning MBS location estimator for a corresponding most recent change 
in the location of the MBS 148. Accordingly, E and the retrieved MBS deadreckoning location change estimate, C, have substantially 
the same "latest timestamp". Thus, the location estimate E may be used to create a new baseline track head for the location track 
having the corresponding type for E, and C may be used to create a corresponding extrapolation entry as the head of each of the 
other location tracks. Accordingly, since for each MBS location estimate, E, there is a MBS deadreckoning location change estimate, 0, 
having substantially the same "latest timestamp", E and C will be hereinafter referred as "paired." 

High level descriptions of an embodiment of the location functions performed by an MBS 148 are provided in APPENDIX A 
hereinbelow. 
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APPENDIX A: MBS Function Embodiments 

Mobile Base Station Controller Program 

mobiie_base M Station_controllerO 

{ 

j»^/*/w/7/w/_<^ "event" is a record (object) with MBS location data */ 

WHILE (no MBS operator input to exit) DO 

CASE OF (event): /» determine the type of "event" and process it */ 

MBS LOCATION DATA RECEIVED FROM CPS: 

MBS LOCATION DATA RECEIVED FROM LBS: 

MBS LOCATION DATA RECEIVED FROM ANY OTHER HIGHLY RELIABLE MBS LOCATION 
SOURCES (EXCEPT LOCATION CENTER): 

{ 

MBSnewest <~get_ oew_ MBS_ hathn_ as/n^ estimte{tn nt) ; 
I* Note, whenever a new HBS location estimate is entered as a baseline estimate into the location tracks, the other 
location tracks must be immediately updated with any deadrectoning location change estimates so that all 
location tracks are substantially updated at the same time. */ * 

deadreckest <~^Aarfnota^ 

MBS_curr_est <-~ DETERMINE_MBS_LOCATION_ESTIMATE(HBS_new_est, deadreckjst); 
if (MBS_curr_estxonfidence > a predetermined high confidence threshold) then 

nsttjtedndmii^ 

/* deadrectoning starts over from here. */ 

r Send MBS location information to the Location Center. */ 

if ( MBS has not moved since the fast MBS location estimate of this type and is not now moving) then 
{ 

configure the HBS on-board transceiver (e*. MBS-MS) to immediately transmit location signals to the fixed 
location BS network as if the MBS were an ordinary location device (MS); 

communicate with the Location Center via the fixed location BS infrastructure the following: 
(a) a locate me w signal, 

IIS 
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(b) HBS curr^wt, ... .... r ,, 

(c) MBS_new_estand 

(d) the timestamp for the present event 

Additionally, any location signal information between the MBS and the present target MS may be 
transmitted to the Location Center so that this information may also be used by the Location Center to 
provide better estimates of where the MBS is. Further, if the HBS determines that k is immediately adjacent 
to the target MS and also that its own location estimate b highly reliable (e.g^ a GPS estimate), then the 
HBS may also communicate this information to the Location Center so that the location Center can: (a) 
associate any target MS location signature cluster data with the fixed base station infrastructure with the 
location provided by the MBS, and (b) insert this associated data into the location signature data base of the 
Location Center as a verified duster of "random loc sigs"; 

/* note, this transmission preferably continues (Le., repeats) for at least a predetermined length of time of 
sufficient length for the Signal Processing Subsystem to collect a sufficient signal characteristic sample size. 
V 

} 

else SCHEDULE an event (if none scheduled) to transmit to the Location Center the following: (a) MBScurrest, and 
(b) the GPS location of the MBS and the time of the GPS location estimate; 

/* Now update MBS display with new MBS location; note, HBS operator must request MBS locations 
on the MBS display; if not requested, then the following call does not do an update. */ 

} 

SINCE LAST MBS LOCATION UPDATE 

MBS HAS MOVED A THRESHOLD DISTANCE: { 
deadreckjst <~gtt_ deadrechDing_lo€3thn_danp_ est/matfpmW); 

f* Obtain from MBS Dead Reckoning Location Estimator a new dead reckoning HBS location estimate 
having an estimate as to the MBS location change from the location of the last HBS location 
provided to the HBS.*/ 

HBSjurr est < — DETERMINE_MBS_LOCAT10N_ESnMATE(HULU deadreckjst); 
/* this new MBS estimate will be used in new target HS estimates*/ 

SCHEDULE an event (if none scheduled) to request new GPS location data for MBS; 
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SCHEDULE an event (if none scheduled) to request ammuniotion with Loation Center (LQ related to new MBS 
location data; 

SCHEDULE an event (i none scheduled) to request new LBS location communication between the MBS and any LB?* 
that can detect the MBS; 

/* Note, in some embodiments the processing of MBS loation data from LBS's may be performed 
automatically by the Location Center, wherein the Location Center uses signal characteristic data from 
the LBS's in determining an estimated location of the MBS. */ 
SCHEDULE an event (if none scheduled) to obtain new target MS signal characteristics from MS; /* Le n may get 
a better target MS location estimate now. */ 

} 

TIMER HAS EXPIRED SINCE LAS1 RELIABLE TARGET MS LOCATION INFORMATION 
OBTAINED: { 

SCHEDULE an event (if none scheduled) to request location communication with the target MS, the event is at a very 
high priority; 

RESET timer for target MS location communication; /* Try to get target MS location communication again within a 
predetermined time. Note, timer may dynamically determined according to the perceived velocity of the target 
MS.*/ 

} 

LOCATION COMMUNICATION FROM TARGET MS RECEIVED: { 
MS_raw_signal_data <—get_HS_s^_chafKteris±2^y^^^)\ 

P Note, *MS jawjignal Jata" is an object having substantially the unfiltered signal characteristic 
values for communications between the MBS and the target MS as well as timestamp information. •/ 
Construct a message for sending to the location Center, wherein the message includes at least 

"MSrawsignaldata" and "MBS_curr_est" so that the Location Center an also compute an estimated 
location for the target MS; 

SCHEDULE an event (if none scheduled) to request communication with Loation Center (LQ for sending the 
constructed message; 

/* Note, this data does not overwrite any previous data waiting to be sent to the LC */ 

HSjignalJata <~&_HS_s$/n/_dwmrix^ 

/* Note, the MS signal data obtained above is, in one embodiment, "raw* signal data. However, in a 
second embodiment, this data is filtered substantially as in the Loation Center by the Signal 
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........ Processing Subsystem, for. simplicity of discussion here, it is assumed that each MBS indudes at least 

a sated down version of the Signal Processing Subsystem (see f IG. 1 1). •/ 
HSj«w est <~DETERM!NE_M5_M(m_RECENT_EmMATE^iljmjVL t HScurrest, 

MSsignaldata); 

/• May use forward and reverse TOA, TDOA, signal power, signal strength, and signal quality 
indicators. Note, "MS_curr_est" includes a thnestamp of when the target MS signals were received 
•/ 

if (MS_new_esuonfidence > minJ1S_corrfidence)then 
{ 

/* Note, it is assumed that this MS location estimate is "temporary" in the sense that it will be 
replaced by a corresponding MS location estimate received from the Location Center that is based on 
the same target MS raw signal data. That is, if the Location Center responds with a corresponding 
tarpt MS location estimate, E, while "MS jiew_est" is a value in a "moving window" of target MS 
location estimates (as described hereinbelow), then E will replace the value of "MS _new_est*. Note, 
the moving window may dynamically vary in size according to, for example, a perceived velocity of 
the target MS and/or the MBS.*/ 
MSji»ving_wmdow <- get_m_nmii^win<hv{mrit)\ 

/* get moving window of location estimates for this target MS. */ 

add_MS_estimate_ to_K_kaibm_ rarfro(MSjiew_est, MSjnoving_window); 

r Since any given single collection of measurements related to locating the target MS may be 
potentially misleading, a "moving window" of location estimates are used to form a "composite 
location estimate" of the target MS. This composite location estimate is based on some number of the 
most recent location estimates determined. Such a composite location estimate may be, for example, 
analogous to a moving average or some other weighting of target MS location estimates. Thus, for 
example, for each location estimate (Le n at feast one MS location area, a most likely single location, 
and, a confidence estimate) a centroid type calculation may be performed to provide the composite 
location estimate.*/ 

HS_curr_e$t <— OEmHI^HSJOCAnOltJSTmTB^jmnijMw,)-, 

/* DETERMINE new target HS location estimate. Note this may an average location or a weighted 
average location.*/ 
/eyjww_jcJ«fe^WflO("TAR«T_H$_SCHE0ULE",evenLH$JD); 
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u, ^. f „ , /* REH0VE AWQIHB EVENTS SCHEDULED. FOR REQUJESTING LQCATIQN (BHNIIHOTION JROM 
TARGET US */ 

} 

else /* target MS location data received but it is not deemed to be reliable (e.g, too much multipart andA>r 
inconsistent measurements, so SCHEDULE an event (if none scheduled) to request new location 
communication with the target MS, the event is at a high priority*/ 
<^tt_*^^ evemMS JD); 

vp<bte_ HBS_ opermr_ display^ whh_ HS_ MfllS _curr _est); 

/* The MBS display may use various colors to represent nested location areas overlayed on an area map 
wherein, for example, 3 nested areas may be displayed on the map overlay: (a) a largest area having a 
relatively high probability that the target MS bin the area (eg., > 95%); (b) a smaller nested area having 
a lower probability that the target MS is in this area (e*., > B0%); and (c) a smallest area having the 
lowest probability that the target MS is in this area (*jg n >70%). Further, a relatively precise specific 
location is provided in the smallest area as the most likely single location of the target MS. Note that in one 
embodiment, the colors for each region may dynamically change to provide an indication as to how high 
their reliability is; e^ n to colored areas shown for reliabilities below, say, 40%; 40-50% is purple; 50-60% 
is blue; 60 -70% is green; 70-80% is amber; 80-90% is white; and red denotes the most likely single 
location of the target MS. Further note the three nested areas may collapse into one or two as the MBS gets 
doser to the target MS. Moreover, note that the collapsing of these different areas may provide operators in 
the MBS with additional visual reassurance that the location of the target MS is being determined with better 
accuracy */ 



I* Now RESET timer for target NS location communication to try to get target MS 

location communication again within a predetermined time. */ 
nmjn^\l»m JS JOKDULT, eventMS JD); 

} 

COMMUNICATION OF LOCATION DATA TO MBS FROM LOCATION CENTER: { 

r Note, target MS location data may be received from the location Center in the seek state, contact state and the 
control date. Such data may be received in response to the MBS sending target MS location signal data to the 
location Center (as may be the case in the contact and control states), or such data may be received from the 
Location Center regardless of any previously received target MS location sent by the MBS (as may be the case in 
the seek, contact and control states).*/ 
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... ^ -jf.( . (^4t^staiiip^of the latest NBS location data sent to the Location Center) ..^<:,^. . 3 .... .(the ornestaoip, ^ 
returned by this Location Center communication identifying the MBS location data used by the Location Center 
for generating the MBS location data of the present event) ) 
then f* use the LC location data since it is more recent than what is currently being toed. */ 

5 { 

HBSjiew_est < — get_ Location^ Ceuter_ NBS_ efl(event); 
deadredcjst <~^<tf»rtKfo^ 

MBS curr est < — DETERMINE_MB5_L0CATI0N_ESTIMATE(MBS_new_est > deadredcjst); 
if (MBS jcurr jstxonfidena > a predetermined high confidence threshold) then 

/fiET^ i^p/srn;^ 4/^j^_ irA#_/BH^ en(HBS_aijTjest); 

} 

if ( (the timestamp of the latest target MS location data sent to the Location Center) < = (the 
timestamp returned by this Location Center communication identifying the MS location data used by the 
is Location Center for generating the target MS location estimate of the present event)) 

then /* use the MS location estimate from the LC since it is more recent than what is currently being used. */ 

{ 

MS_new_est <-~ pt_loatbn_Ceattr_MS_ Revert); 

/* This information includes error or reliability estimates that may be used in subsequent attempts to 
20 determine an MBS location estimate when there is no communication with the LC and no exact (GPS) 

location can be obtained. That is, if the reliability of the target MS's location is deemed highly reliable, 
then subsequent less reliable location estimates should be used only to the degree that more highly 
reliable estimates become less relevant due to the MBS moving to other locations. V 
MSjnovingjarindow <~get_MS_mvif%_wiixfoi^miity t 
25 /* get moving window of location estimates for this target MS. */ 



if ( (the Location Center target MS estimate utilized the MS location signature data supplied by the MBS) then 
if (a corresponding target MS location estimate marked as "temporary" is still in the moving 
window) 

30 then f* It is assumed that this new target MS location data is still timely (note the target MS 

may be moving); so replace the temporary estimate with the Location Center estimate. 
•/ 

replace the temporary target MS Aa/riwestimate in the moving window with 
tt MS_new_esf; 

120 



WO 98/10307 PCT/US97/15892 
,.. n . .,.,^ t; ,efel^ there b no rorresponding^^ 

this MS estimate must be too old; so don't use it.*/ 
eke I* the Location Center did not use the MS location data from the MBS even though the timestamp of 
the latest MS location data sent to the Location Center is older that the MS location data used by 
5 the Location Center to generate the present target HS location estimate. Use the new MS location 

data anyway. Note there isn't a corresponding "temporary" target HS location in the moving 
window.*/ 

a<fd_ hS_ estimte_ to_ HS_ batwn_ *ra**(MS new est); 

} 

10 else/* the MS location estimate from the LC is not more recent than the latest HS location data sent to the LC from 

the MBS.*/ 

if (a corresponding target MS location estimate narked as "temporary" is still in the moving window) 
then /* It is assumed that this new target MS location data b still timely (note the target HS may be 
moving); so replace the temporary estimate with the location Center estimate. */ 
15 replace the temporary target HS AradMestimate in the moving window with "MS jiewest"; 

else /* there b no corresponding "temporary" target MS location in the moving window; so thb MS 
estimate must be too old; so don't use it */ 
HS_currj!St <— JJfflfMf AX ^ 
update^ MBS_ operator^ dhphy_ whh_ MS_ «*(MS_curr est); 
20 /PiPt/to^LC^COMMUHICATIOH-.eventMSJD); 
K 

NO COMMUNICATION FROM LC { 

r Le„ too long a time has elapsed since last communication from LC */ 
SCHEDULE an event (if none scheduled) to request location data (MBS and/or target HS) from the Location Center, 
25 the event bat a high priority; 

^^/("LC^COMHUHICATION", eventMSJD); 

} 

REQUEST TO NO LONGER CONTINUE LOCATING WE PRESENT TARGET Mi { 
if (event not from operator) then 
30 request MBS operator verification; 

else{ 

REMOVE the current target MS from the list of NSs currently being located and/or tracked; 
SCHEDULE an event (if none scheduled) to send communication to the Location Center that the current target MS 
b no longer being tracked; 
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...... PURGE MBS of all data related to current target MS except any exact tocation data for the target HS ttm-has not - - 

been sent to the Location Center for archival purposes; 

} 

} 

BEQUEST FROM LOCATION CENTER TO ADD ANOTHER TARGET MS TO THE LIST OFMSs 
BEING TRACKED: { 

/» assuming the Location Center sends MBS location data for a new target US to bate and/or track (e.g„ at 
least a new MS ID and an initial MS location estimate), add this new target MS to the list of MSs to trade Note 
the MBS will typically be or transitioning to in the seek state.*/ 
if (event not from operator) then 

request MBS operator verification; 

ebe{ 

INITIALIZE MBS with data received from the Location Center related to the estimated location of the new target 
MS; /* e^ initialize a new moving window for this new target MS; initialize MBS operator interface by 
graphically indicating where the new target MS is estimated to be. •/ 

CONFIGURE MBS to respond to any signals received from the new target MS by requesting location data from the 
new target MS; 

INITIALIZE timer for communication from LQ /* A timer may be set per target MS on list */ 

} 

} 

REQUEST TO MANUALLY ENTER A LOCATION ESTIMATE FOB MBS (FROM AN MBS 
OPERATOR): { 

/* Note, MBS could be moving or stationary. If stationary, then the estimate for the location of the MBS is given 
high reliability and a small range (e*, 20 feet). If the MBS is moving, then the estimate for the location of the 
MBS is given high reliability but a wider range that may be dependent on the speed of the MBS. In both cases, if 
the MBS operator indicates a low confidence in the estimate, then the range is widened, or the operator an 
manually enter a range.*/ 

MSjiew est <~getjww_MBS_hatkn_estJmmyper2toi(M^ f* The estimate may be obtained, for 

example, using a light pen on a displayed map •/ 
if (operator supplies a confidence indication for the input MBS location estimate) then 

MBSnewestxonfidence < get_MB$_ openuor_a>nfntence_ of_ f J2ta*(event); 
else HBSjiew_estconfidence <— I; /* This is the highest value for a confidence. */ 
deadreckjst < — get_ deadreckoning_ hcathn_ change^ estimate(mv\)\ 
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rf (NBS_currjstconfidence > a pmietermrned high confidence threshold) then 

reset_ dezdnd®mni_ ^BS_ hathn_ estimatoi{m nt) ; 

/» Note, one reason an MBS operator might provide a manual MBS input is that the MBS might be too inaaurate in 
its location. Moreover, such inaccuracies in the MBS location estimates can cause the target MS to be estimated 
inaccurately, since target MS signal characteristic values may be utilized by the MBS to estimate the location of the 
target MS as an offset from where the MBS is. Thus, if there are target MS estimates in the moving window of 
target MS location estimates that are relatively dose to the location represented by "MBScurr est", then these 
select few MS location estimates may be updated to reflect a more accurate MBS location estimate. •/ 

MSjnovint_wmdow <— pt_HS_mYmg_window(rnTX)\ 

if (MBS has not moved much since the receipt of some previous target MS location that is still being used to location 
the target MS) 
then 



{ 



UPDATE those target MS location estimates in the moving window according to the new MBS location estimate 
here; 

MS_currjst <— 0£TCMWf 



} 

} 

} /* end case statement •/ 



Lower Level MBS Function Descriptions 

/• PROCEDURE: DETERMINE_MBS_L0CATI0N_EST1MATE REMARKS: 

It is assumed that with increasing continuous dead reckoning without additional MBS location verification, the potential 
error in the MBS location increases. 

It is assumed that each MBS location estimate includes: (a) a most likely area estimate surrounding a central location and (b) a 
confidence value of the MBS being in the location estimate. 
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being correct More precisely, a confidence value for a new MBS location estimate is a measurement that b adjusted according to the 
following criteria: 

(a) the confidence value increases with the perceived accuracy of the new MBS location estimate (independent of any current 
s MBS location estimate used by the MBS), 

(b) the confidence value decreases as the location discrepancy with the current MBS location increases, 

(c) the confidence value for the current MBS location increases when the new location estimate is contained in the current 
location estimate, 

(d) the confidence value for the current MBS location decrease when the new location estimate is not contained in the current 
10 location estimate, and 

Therefore, the confidence value is an MBS location likelihood measurement which takes into 
account the history of previous MBS location estimates. 

It is assumed that with each MBS location estimate supplied by the Location Center there is a default confidence value 
supplied which the MBS may change. 

15 */ 

DETCRM IN E_MBS_LOCATION_ESTIMATE(MBS_new_est, deadreck_est) 
r Add the pair, "MBS_new_est" and "deadreck_est" to the location tracks and determine a 
new current MBS location estimate. 

Input: MBS new est A new MBS baseline location estimate to use in determining the 
20 location of the MBS, but not a (deadreckoning) location change 

estimate 

deadreek_est The deadreckoning location change estimate paired with 
"MBS_new_est".*/ 

{ 

25 if (MBS^new est is not HULL) then /» the "deadreAjst" is paired with "MBS jiew est" */ 
{ 

if (all MBS location trades are empty) then 
{ 

insert "MBS jiew _esf as the head of the location trade of type, "MBS jiew_esttype H ; 
30 H»*rt "MBS jiew _esf as the head of the current track; /* so now there is a "MBS_curr_est" MBS location 

estimate to use */ 

MBScurrest < — get_curr_e jj(MBS_new_est.MS JD); /* from current location track */ 

} 
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r.!^C^"^?^! ea ?- 0 ^ \^SZf!S^^B$Sf^ track in addhran the caiTen^ noiv- 
empty*/ 

{ 

if (MBS new est is of type HANUAl JNTRY) then 

{ r MBS operator entered an MBS location estimate for the MBS; so must use 

hV 

HBS_curr_esr <— addJocation_entry(MBSjtew_est, deadreckest); 

} 

else /• M MBS_newest" is not of type MANUALENTRY ♦/ 

if (the MBS location track of type, "HBS jiewesttype", is empty) then 
{ /•some other location track is non-empty */ 

HBS_oirrjst <~- add_location_entry(HBS_new_est,deadreck - est); 

} 

else/* "MBS_new_ert.type w location track is non-empty and "MBS_new_est M 

is not of type MANUAL_ENTRY */ 
{ 1* In the next statement determine if "MBS^newjiSt" is of at least 

minimal useful quality in comparison to any previous estimates of the 
same type; see program def n below */ 
continue to process jtew^est <-- FILTER(H BSnewest); 
if (continue^to jrocess_new jst) then /• *MBS_new_esr is of sufficient quality to 

continue processing. •/ 

{ 

MBSjarrjst < -~ add Jocation_entry(HBS new est, deadreck_est); 
}/» end "MBSnewesf not filtered out */ 
else /» "HBS jiewesf is filtered out; do nothing */; 
}/• end else*/ 

}/* end else at least one non-empty location track */ 

} 

else /* MBS_new_est is HULL; thus only a deadreckomng output is to be added to location tracks •/ 
{ 

extrapobtion_eotry <~ cr&te_an_ extmpobthn_ enay_ ^7^(dead reckest); 

insert^ into_ enry_ bathn_ te^extrapoktionjntry); /* including the "current location track" */ 

MBS curr eit <— ^n^«i{MB$^newjstJ1SJD);/» from current location track*/ 
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RETURN(MBS_curr_est); 
} END/* DETERMINE_MBS_L0CATI0N_EST1MATE •/ 

add_location_entry(MBS_new_est, deadreck_est); 

/• This function adds the baseline entiy, "MBS_new_est" and its paired deadreckoning location change estimate, "deadredcjst" to 
the location tracks, including the -current location track". Note, however, that this function will roll back and rearrange location 
entries, if necessary, so that the entries are in latest timestamp order. 
Returns: MBS curr est*/ 



{ 



) 



if (there is a time series ol one or more dead reckoning extrapolation entries in the location track ol type "MBS_new_e$Uype" 

wherein the extrapolation entries have a "latest timestamp" more recent than the timestamp of "NBS_new_est") then 
{ r Note, this condition may occur in a number of ways; e*. (a) an MBS location estimate received from the location 
Center could be delayed long enough (e^ 1-4 sec) because of transmission and processing time; (b) the estimation 
recordsoutputfrom the MBS baseline location estimators are not guaranteed to be always presented to the location 
tracks in the tempo ral order they are created. */ 
roll back all (any) entries on all location tracks, including the "current" track, in "latest timestamp" descending order, 
until a baseline entry, B, is at the head of a location track wherein Bis a most recent entry having a "latest 
timestamp" priorto "MBS_new_est"; let "stack" be the stackof a location trackentries rolled off the location 
tracks, wherein an entry in the stack is either a baseline location entry and a paired deadredtoning location change 
estimate, or, an unpaired deadreckoning location change estimate associated with a NULL for the baseline location 
entry; 

insert "MBS_new_est" at the head of the location track of type "MBS_new_esttype" as a new baseline entry; 
insert the extrapolation entry derived from "deadreckjst" in each of the other baseline location tracks except 
the current track; 

/• It is important to note that "deadreck_est" induces the values for tfie change in the MBS location substantially for the 
time period between the timestamp, T, of "MS_new_est" and the timestamp of the closest deadreckonmg output just 
before T. further note that if there are any extrapolation entries that were rolled back above, then there <san 
extrapolation entry, E, previously in the location tracks and wherein E has an earliest timestamp equal to the latest 
timestamp of B above. Thus, all the previous extrapolation entries removed can be put back if E is modified as follows: 
the MBS location change vector of E (denoted herein as E.delta) becomes EJelta - [location change vector of 

"deadreck_est"].*/ 
HBS_curr_est <- UPDATE_CURR_EST(MBS_new_est,deadreck_est); 
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, „ , if (tte ottrapohtipn entry E exists) then /* Le,"stadr" is not empty •/ 
{ 

modify the extrapolation entry E as per the comment above; 

1* now fix things up by putting all the rolled off location entries back, including 
the "current location track" 7 

do until "stack" i$ empty 

{ 

stackjop <—/»/;_ jsd(jtadt); 

/* "stacktop" b either a baseline location entry and a paired deadreckoning location change 
estimate, or, an unpaired deadreckoning location change estimate associated with a NULL for the 
baseline location entry */ 
HBSnxtest <— gaJaseSm ^^stack_top); 
deadreck_est < — gtt_de3dre<tomnz_entr]{ixa&jfi$)-, 
HB$_curr_est <- DETERMINE_MBS_LOCATI0N_ESTlMATE(HBS_rut_est, 

deadredtest); 

} 

} 

} 

else /• there is no deadreckoning extrapolation entries in the location track of type "MBS new esLtype" wherein the 

extrapolation entries nave a "latest timestamp" more recent than the timestamp of "HBS_new_est". So just insert 
"HBSnewest" and "deadreckjst" .*/ 

{ 

insert "HB$_new_est" at the head of the location track of type "HB$_new_esttype" as a new baseline entry; 
insert the extrapolation entry derived from "deadreckjst" in each of the other location tracks except the current track; 
MBS_curr_est <~ UPDATE_CURR_EST(MBS new est, deadredc_est); /» see prog defn below •/ 

} 

RETURH(MB$_curr_est); 
} /* end addjocationentry */ 

FILTER(MBS_new_est) 

1* This function determines whether "MBS_new_est" is of sufficient quality to insert into it's 
corresponding MBS location track. It is assumed that the location track of 
"MBS new est-type" is non-empty. 



127 



WO 98/10307 PCT/US97/15892 

v , Input: MBS new est A new MBS location estimate to use in determining the 

location of the MBS. 
Returns: FALSE if M MBS_new_est" was processed here (Le., filtered out), 

TRUE if processing with "MBSjiewjjst" may be continued . */ 

5 { 

continue Jo j>rocess_new_est < -TRUE; /* assume "MBS jrew_esf will be good enough to use as an MBS location estimate */ 
/* see if "MBS_new_est" can be filtered out. ♦/ 

if (the confidence in NBS_oew_est < a predetermined function of the confidence^) of previous MBS location estimates of 
type "MBSjiewesttype") 

10 /* e.g n the predetermined function here could be any of a number of functions that provide a minimum threshold on 

what constitutes an acceptable confidence value for continued processing of "MBSnewest". The following is an 
example of one such predetermined function: R*(confidence of "MBSnew jsuype" location track head) for 
some K, 0 < l< = 1 .0, wherein K varies with a relative frequency of estimates of type 
"MBSjewesttype" not filtered; e.g~, for a given window of previous MBS location estimates of this type, K- 
15 (number of MBS location estimates of "MBSnewesttype" not fikered)/(the total number of estimates of this 

type in the window). Note, such filtering here may be important for known areas where, for example, GPS signals 
may be potentially reflected from an object (le., multipath), or, the location Center provides an MBS location 
estimate of very low confidence, for simplicity, the embodiment here discards any filtered location estimates. 
However, in an alternative embodiment, any such discarded location estimates may be stored separately so that, 
20 for example, if no additional better MBS location estimates are received, then the filtered or discarded location 

estimates may be reexamined for possible use in providing a better subsequent MBS location estimate */ 
then continue jo_process_new_est <-- FALSE; 
ebe if (an area for "NBSnewesf > a predetermined function of the corresponding area(s) of entries in the location 
track of type "MBSnewesttype") 
25 /* e.g., the predetermined function here could be any of a number of functions that provide a maximum threshold 

on what constitutes an acceptable area size for continued processing of "MBS juwjsf . The following are 
examples of such predetermined functions: (a) the identity function on the area of the head of the location track 
of type "MBSnewesttype"; or, (b) K*(tbe area of the head of the location track of type 
"MBS jiewjestiype"), for some K, K> = 1.0, wherein for a given window of previous MBS location estimates of 
30 this type, K= (the total number of estimates in the window)/ (number of these location estimates not filtered); 

note, each extrapolation entry increases the area of the head; so areas of entries at the head of each location 
track type grow in area as extrapolation entries are applied. */ 
then continue jo _process_new_est < — FALSE; 
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RETURN(continue to process new est) 
} 

UPDATE_CURR_EST(MBS_new_est, deadreckest) 

/• This function updates the head of the "current" MBS location track whenever 

"MBSnewest" is perceived as being a more accurate estimate of the location of the 
MBS. 

Input MBSnewest A new MBS location estimate to use in determining the location 
°f the MBS 

deadreck_est The deadreckoning MBS location change estimate paired with 
tt MBS_new_est". 

Returns a potentially updated "MBScurrest" */ 



{ 



if (MBSjiewest is of type MANUALENTRY) then 

{ I* MBS operator entered an MBS location estimate for the MBS; so must use it */ 

insert "MBS_new_est" as the bead of the "cwnnt MBS location track" which is the location track indicating the best 
current approximation of the location of the MBS; 

} 

eke /* "MBS_new_est" is not a manual entry •/ 
{ 

HBS_curr_est < — <ar/7^ e«(HBS_new_e$Lr!SJD); /• get the head of the "current location track" •/ 
adjusted_corr_est <— Vp^_A3dredbm^a(m_anjst,itximkjA)i 

J* The above function returns an object of the same type as "NBS_curr_est", but whh the most likely MBS 

point and area locations adjusted by "deadreckjst". Accordingly, this f unction performs the following 

computations: 

(a) selects, A^j, the MBS location area estimate of "MBS curr est" (tg., one of the "most likely" 
nested area(s) provided by "MBS_cun_est" in one embodiment of the present invention); 

(b) applies the deadreckoning translation corresponding to "deadreck est" to k m to thereby 
translate it (and expand it to at least account for deadreckoning inaccuracies). * / 

if (rvasonabfy_c/ose(mSjnew_est, adjustedcurrest, MBScurrest)) 

f In one embodiment, the function "reasonably cbse" here determines whether a most likely MBS point 
location (ie, centroid) of "MBS new est" is contained in the MBS estimated area of 
"adjustedcurrest" 
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, -Note that the reasoning for tins constraint is tlm9"MBSxurr_est M ira 
likely MBS point location" of a new NBS baseline estimate that is also accurate ought to be in the MBS 
estimated area of "adjustedcorrest" 

In a second embodiment, the function M reasonably_close" determines whether the centroid (or most 
5 likely MBS point location) of "MBSnewest" is close enough to "MBScurrjst" so that no MBS 

movement constraints are (grossly) violated between the most likely point 
locations of "MBSjiewjest" and "MBS_currjsst w ; u n constraints on (de)acceleration, 
abruptness of direction change, velocity change, max velocity for the terrain. Note, such constraints are 
discussed in more detail in the section herein describing the "Analytical Reasoned. Accordingly, it is an 
10 aspect of the present invention to provide similar capabilities to that of the Analytical Reasoner as part of the 

MBS, and in particular, as the functionality of the "MBS LOCATION CONSTRAINT CHECKER" illustrated in Fig. 
1 1. It is assumed hereinafter that the embodiment of the function, "reasonably_dose", performed here is a 
combination of both the first and second embodiments, wherein the constraints of both the first and second 
embodiments must be satisfied for the function to return TRUE. */ 

15 then 

if (the confidence in MBS__new_est >= the confidence in MBS_curr_est) then 

{ 

if (the most likely MBS area of MBS new est contains the most likely MBS area of "adjusted_oirr_est" as 
computed above) then 

20 shrink MBS_new_est uniformly about ks centroid (ii., "most likely MBS point location") until it is 

as small as possible and still contain the MBS estimated area of "adjustedcurrest". 
msert_ into_ location^ track(\umnC y MBSnewest); 

/* The program invoked here inserts a location track entry corresponding to the second parameter into the 
location track identified by the first parameter (eg., "current"). It is important to note that the second 
25 parameter for this program may be ehhenA the following data structures: a "location track entry", or an 

"MBS location estimate" and the appropriate location track entry or entries will be put on the location 
track corresponding to the first parameter. The insertion is performed so that a "latest timestamp" order 
is maintained; Lc, 

(a) any extrapolation entries in the location track, wherein these entries have a more recent 
30 "latest timestamp" than the ("earliest" or only) timestamp (depending on the data 

structure) of the second parameter are removed, and 
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.. - • ... W «i«pt»ally r at least, dislocation change eninaies output from the deadreckoningHBS- 

location estimator that correspond with the removed extrapolation entries are then 
reapplied in timeitamp order id the head of the target location track •/ 

} 

else /* the centroid of "NBS_new_est", is contained in an area of "HBS_curr_est", hot the confidence in 
"MBSnewest" < confidence in "MBS_curr_esf •/ 

{ 

most likery est <- determine a "most likely UBS location estimate" using the set $ = {the UBS 

location estimate centrokj(s) of any MBS location track heads contained in the MBS 
estimated area of "adjusted_curr_est", plus, the centroid of "HBSnewest" }; 
/• Note, in the above statement, the "most likely MBS location estimate" may be determined 
using a number of different techniques depending on what functions) is used to embody the 
meaning of "most likely". Inoneembod'niient,sucha"rnostlikely"fimctionisa function of 
the confidence values of a predetermined population of measurements (e.g, the selected 
location track heads in this case) from which a "most likely" measurement is determined (e^ 
computed or selected). For example, in one embodiment, a "most likely" function may include 
selecting a measurement having the maximum confidence value from among the population of 
measurements. In a second embodiment, a "most likely" function may include a weighting of 
measurements (e.g, location track heads) according to corresponding confidence values of the 
measurements. For example, in the present context (of MBS location track heads) the 
following steps provide an embodiment of a "most likely" function: 

(a) determine a centroid of area for each of the selected track heads (he, the location 
track heads having a point location estimate contained in the MBS estimated area of 
"adjnjted_curr_est"); 

(b) determine the "most likely location Wiposhioif P asa weighted centroid of the 
centroids from step (a), wherein the weighting of each of the centroids from (a) is 
provided by their corresponding confidence values; 

(c) output an area, A„ as the "most likely MBS location areif, wherein the centroid of 
A,isPand A, is the largest area within the MBS estimated area of 

"adjusted curr est" satisfying this condition: and 

(d) set a confidence value for A, as the average confidence value of "HBSnewest". 
"MBScurrjst" and the selected location track head used. */ 

insert_into_loeation_ «rae*("current", mostjikelyest); 

} 
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ebe/^MBSjjte^est" is not reasonably close to "adjusted^uir-est" (i.e* , . 

M NBS_curr_est v> with M deadreck_est" applied to it), so a conflict exists here; e.g., 
(i) "MBS_new_est" is not a manual entry, and (fi) "MBSjjewest" does not have its centroid contained in the 
MBS estimated area of "adjusted_curr_esf , or, there has been a movement constraint violation. Note that it is 
not advisable to just replace "MBS_curr_est" with "new_est_bead" because: 

(a) UBS new est** may be the MBS location estimate that is least accurate, while the previous entries 
of the current location track have been accurate; 

(b) the "MBS_curr_est" may be based on a recent MBS operator manual entry which should not be 
overridden.*/ 

{ 

MBScurrjst <— resohfe_cofiflicts(MBSjww_est l adjusted_cun^est t MBS_curr_est); 

} 

}/* end else "HBSnewest" not a manual entry */ 
if (MBS is a vehicle) and (not off road) then 

/* it is assumed that a vehicular MBS is on-road unless explicitly indicated otherwise by MBS operator. */ 
MBScurrest < — snap_w_b€stjit_me^lj^uj\\)\ f* snap to best street loation according to location 
estimate, velocity, and/or direction of travel Note, this is a translation of "MBScurrjst".*/ 
RETURN(MBS_curr_est) 
} r END UPDATE(MBS_CURR_KT) •/ 



resolve_conflicts(MBS - new_est ? adjusted_curr_est, MBS_curr_est) 
/•There is a basic conflict here, 

(I) "MBS_new_est" is not a manual entry, and 

(5) one of the following is true: "MBS_new_est" does not have its centroid contained 
in the area "adjusted_curr_est M , or, using "MBS _new_est" implies an MBS 
movement constraint violation. 
Input: MBS__new_est The newest MBS loation estimate record. 

adjusted_curr_est The version of "MBS_curr_est" adjusted by the deadreckoning 

location change estimate paired with "MBS _new_est". 
MBS_curr_est The loation track entry that is the head of the "current" location track. Note 

that "MBS jiew_esuonfidence" > "MBSjurrjsUofidence". 
Output: An updated "MBSjrurresf \ */ 

{ 
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m^ttataconto 

if (the MBS operator desires notification of HBS location estimate conflicts) then 

notify the HBS operator of an HBS location estimate conflict; 
if (the HBS operator has configured the HBS location system to ignore new estimates that are not "reasonably 
close" to adjusted_curr_est) or 
(MBS__curr_est is based on a manual MBS operator location estimate, and the HBS has moved less 
than a predetermined distance (wheel turns) from where the manual estimate was provided) then 
RETURN(adjusted_cuiTj?st); 
else /* not required to ignore M MBS_new_esf , and there has been no recent manual 

estimate input*/ 
{ r try to use M MBS_new_est w •/ 

if ((MBS_new_estxonfidence - adjusted_curr_estconfidence) > a large predetermined 
threshold) then 

/* dote, the confidence discrepancy is great enough so that "NBSnewest" should be the most recent baseline 
estimate on current HBS location track. Note that the threshold here may be approximately 03, wherein 
confidences are in the range [0. 1] */ 

insert JntoJocation_ toidfcf current", HBSjiew_est); 

f* insert "HBS jiewjst" into "current" location trad (as a baseline entry) in "latest timestamp" order, 

i^, remove any extrapolation entries with a more recent "latest timestamp" in this track, and reapply, 

in timestamp order, the location change estimates output from the deadredconing HBS location 

* 

estimator that correspond with the removed extrapolation entries removed; */ 
else/* M MBS_new_est.conKdence" is not substantially bigger than 

"adjusted_eurr_estxonfidence"; so check to see if there are potentially HBS 
location system instabilities V 
{/•check lor instabilities*/ 

if [ (there has been more than a determined fraction of conflicts between the "HBScurrest" and "MBS new est" 
within a predetermined number of most recent "HBS new est" instantiations) or 
(the path corresponding to the entries of the "current location track" of the HBS has recently violated HBS 
movement constraints more than a predetermined fraction of the number of times there has been new 
instantiation of "HBS_currjest", wherein such movement constraints may be (de)acceleration constraints, 
abrupt change in direction constraints, constraints relating to too high a velocity for a terrain) or 
(there has been an HBS operator indication of lack of confidence in the recently displayed MBS location 
estimates)] 
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then /* the MBS location system is likely unstable and/or inaccurate; check to see if 
this condition has been addressed in the recent past */ 

{/•fixinstabHityV 

K (fa ^instability counter equal to 0) then /• no instabilities have been addressed here 
within the recent past; Le, Toe _instabifity_counter" has the following semantics: if it is 0, 
then no instabilities have been addressed here within the recent past; else if not 0, then a recent 
instability has been attempted to be fixed here. Note, Tw JnstaWfity_counter w is decremented, if 
not zero, each time a new baseline location entry is inserted into its corresponding baseline 
location track. Thus, this coonter provides a "wait and see" strategy to determine if a previous 
performance of the statements below mitigated the (any) MBS location system instability. ♦/ 

{ 

mostjikelyjsst <~ determine a new "most likely MBS location estimate"; po J] 
/* Note, a number of MBS location estimates may be generated and compared here for 
determining the "most Jikely jst". For example, various weighted centroid MBS location 
estimates may be determined by a clustering of location track head entries in various ways. 

In a first embodiment for determining a value (object) for "most Jifcelyest", a "most 
likely" function may be performed, wherein a weighting of location track heads according to 
their corresponding confidence values is performed. For example, the following steps provide an 
embodiment of a "most likely" function: 

(a) obtain a set S laving: (i) a centroid of area for each of the track heads having a 
corresponding area contained in a determined area surrounding the point 
location of "adjusted jarr est" (e.g, the MBS estimated area of 
"adjusted_curr_est"), plus (ii) the centroid of "MBSnewest"; 

(b) determine the "most likely location MBS positiod* P as a weighted centroid of 
the centroid s of the set S from step (a), wherein the weighting of each of the 
centroids from (a) is provided by their corresponding confidence values; 

(c) output an area. A, as the "most likely MBS location area" wherein A has P as a 
centroid and A is a "small" area (e^ a convex hull) containing the 
corresponding the centroids of the set S; and 

(d) set a confidence value for A as the average confidence value of the 
centroids of the setS. 

In a second embodiment, "most Jikely_est" may be determined by expanding (e.g., 
substantially uniformly in all directions) the MBS location estimate area of "MBS new est" 
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. ... , „ . - -.; the renilting expanded area contaira atfc^ 

"adjiuted_curr_est" as its most fikety NBS location area. */ 
insert_into_locathn_ tracA{"cumnt", mostfikelreit); 
fix jnstabilhy counter <~ a predetermined number, C, corresponding to a number of baseline 
5 entries to be put on the baseline location trades until MBS location system instabilities are to be 

addressed again here;/* when this counter goes to zero and the MBS location system is unstable, 
then the above statements above will be performed again. Mote, this counter must be reset to C (or 
higher) if a manual MBS estimate is enured. */ 

} 

10 }/» fix instability */ 

else /• The MBS location system has been reasonably stable, and 
"MBS_curr_estxonfidence m is not substantially bigger than 
"adjustednewestconfidence" . */ 

{ 

15 most_likely_est < determine a most likely MBS location estimate,' 

/* The determination in the statement above may be similar or substantially the same as the computation 
discussed in relation to statement [30.1] above. However, sins there is both more stabifity in this case than 
in BO.I] and less confidence ia "MBS_new_esf\ certain MBS movement constraints may be more 
applicable here than in [30.1]. 

Accordingly, note that in any embodiment for determining "most_fikely_est" here, reasonable 
movement constraints may also be used such as: (a) unkss indicated otherwise, an NBS vehicle will be 
assumed to be on a road, (b) a new MBS location estimate should not imply that the MBS had to travel 
faster than, for example, 120 mph or change direction too abruptly or change velocity too abruptly or 
traverse a roadless region (tg, corn field or river) at an inappropriate rate of speed. 

Thus, once a tentative NBS location estimate (e.g, such as in the steps of the first embodiment of 
PO.I]) for "mostjikely est" has been determined, such constraints may be applied to the tentative 
estimate for determining whether it should be pulled back toward the centmid of the "NBS_cun_est" in 
order to satisfy the movement constraints*/ 
inxrt_into_locathn_tracM?oimtfC, nmstjkelyest);/* note, the second parameter for this 
function may be either of the following data structures: a "location track entry", or a "NBS location 
estimate" and the appropriate location track entry or entries will be put on the location track corresponding 
to the first parameter.*/ 

} 



20 



25 



I3S 



WO 98/10307 PCT/US97/15892 

MBS currjKt < — pt_ curr_ «*(MBS_new_ejtJtiJD); /* from corrent location track •/ 
} /» try to use "MBS jiew_est" •/ 
RETURN(MBS_curr_est) 
5 } /• END resolve_conflicts */ 
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APPENDIX B: Pseudo code for a genetic algorithm 

Pseudo code for a genetic algorithm 

Genetk.Aigorrthm ('decode, •fitness^fiinctbn, parms) 

/* Thh program implements a genetic algorithm for determining efficient 
vahjesofparametenforaoarA 
strnduresucbasananay. HnosuchWo^ 
TteprogramahorecEfvoasi^ 
paiametenarerepresentd 
^Junctbns-.ttetpnwidesth 
The program computes new, improved values of panuneta 
•/ 

//assume ttaeadiparto^^ 

// scheme; otherwise, the procedure is the same every tarn 

//generate the initial population 

II generate a random population of binary strings containing popsize strings 

fori= I to popsize 

forj = ltostrinjJength 

stragpj) = random(0,l) 
endlooponj 
end bop on i 

//keep generating new populations until finished 
do und finished 
fori = I to popsize 

//transform the binary strings into parametersfrom the problem at hand; requires problem 
//specific function 
decode (string(i)) 
//evaluate each string 
evaluate (string(i)) 
end loop oni 

//perform reproduction 
rep 
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//perform crossover 
crossover (popubfon jrfstrings) 
// perform mutation 
mutate (popubt»n_of_strings) 
// evaluate the new population 
fori = ! topopsize 

//transform the binary strings into parameters 
//from the problem at hand; requires problem 
// specific function 
decode ($tfing(i)) 

//evaluate the Fitness of each string 
wahBteCstringftj)) 
end loop on i 

if finished then report new results to tie oiling routine 
else go back to tip of do-until bop 
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APPENDIX C : Location Database Maintenance Programs 



DATA BASE PROGRAMS FOR MAINTAINING THE LOCATION SIGNATURE DATA BASE 

Id the algorithms below, external parameter values needed are underlined. Note that in one embodiment of the present 
invention, such parameters may be adaptively tuned using, for example, a genetic algorithm. 

EXTERNALLY INVOCABLE PROGRAMS: 

UpdateJ^c_Sij^DB(newJoc_obj, selection_criteria, loc sig pop) 

/• This program updates be sigs in the Location Signature data base. That is, this program updates, for example, at least 
the location information for verified random loc sigs residing in this data base. Note that the steps herein are also 
provided in flowchart form in Fig. 17a through FIG. I7C 

Introductory Information Related to the Function, "Update_Loc_Sig_DB" 

The general strategy here is to use information (le^ "new Jocjobj") received from a newly verified location 
(that may not yet be entered into the Location Signature data base) to assist in determining if the previously stored 
random verified toe sigs are still reasonably valid to use for. 

(29.1) estimating a location for a given collection (Le., "bag") of wireless (eg., CDMA) location related signal 

characteristics received from an MS, 
(29 2) training (for example) adaptive location estimators (and location hypothesizing models), and 
(29 J) comparing with wireless signal characteristics used in generating an MS location hypothesis by one of the MS 
location hypothesizing models (denoted first Order Models, or, FOMs). 
More precisely, since it is assumed that it is more likely that the newest location information obtained is more indicative of 
the wireless (CDMA) signal characteristics within some area surrounding a newly verified location than the verified toe sigs 
(location signatures) previously entered into the Location Signature DB, such verified be sigs are compared for signal 
characteristic consistency with the newly verified location information (object) input here for determining whether some of 
these "older" data base verified loc sigs still appropriately characterize their associated location. 

In particular, comparisons are iteratively made here between each (target) loc sig N near M "new Joc_obj" and a 
population of loc sigs in the location signature data base (such population typically including the loc sig for 
"newjoc_obj) for 
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(29,4) adjusting a confidence factor of the.tatget Ice sig. Note that each such confidence factor is in the range [0, 1] - 
with 0 being the lowest and I being the highest Further note that a confidence factor here can be raised as 
well as lowered depending on how well the target loc sig matches or is consistent with the population of loc 
sigs to which it is compared. Thus, the confidence in any (articular verified loc sig, IS, can fluctuate with 
successive invocations of this program if the input to the successive invocations are with location information 
geographically "near" IS. 

(29i) remove older verified loc sigs from use whose confidence value is below a predetermined threshold. Note, it is 
intended that such predetermined thresholds be substantially automatically adjustable by periodically testing 
various confidence factor thresholds in a specified geographic area to determine how well the eligible data 
baa loc sigs (for different thresholds) perform in agreeing with a number of verified loc sigs in a "loc sig 
test-bed", wherein the test bed may be composed of, for example, repeatabte loc sigs and recent random 
verified loc sigs. 

Note that this program may be invoked with a (verified/known) random and/or repeatable loc sig as input 
Furthermore, the target loc sigs to be updated may be selected from a particular group of be sigs such as the random loc 
sigs or the repeatable loc sigs, such selection being determined according to the input parameter, "selection ^criteria" 
while the comparison population may be designated with the input parameter, "locsigjop" . For example, to update 
confidence factors of certain random loc sigs near "new Joejtoj", "selectioneriteria" may be given a value indicating, 
"USE JANDOM JOCJIGS", and "tacjigjop" may be given a value indicating, "USE JEPEATABLE JOCJIGS". 
Thus, if in a given geographic area, the repeatable be sigs (from, e.g„ stationary transceivers) in the area have recently 
been updated, then by successively providing "new Jocj)bj" with a loc sig for each of these repeatable toe sigs, the 
stored random be sigs can have their confidences adjusted. 

Alternatively, in one embodiment of the present invention, the present function may be used for determining 
when it is desirable to update repeatable be sigs in a particular area (instead of automatically and periodically updating 
such repeatable loc sigs). For example, by adjusting the confidence factors on repeatable toe sigs tore provides a method 
for determining when repeatable be sigs for a given area should be updated. That is, for example, when the area's average 
confidence factor for the repeatable be sigs drops bebw a given (potentially high) threshold, then the HSs that provide the 
repeatable toe sigs an be requested to respond with new loc sigs for updating the DB. Note, however, that the approach 
presented in this function assumes that the repeatable location information in the DB is maintained with high confidence 
by, for example, frequent DB updating. Thus, the random verified DB location information may be effectively compared 
against the repeatable be sigs in an area. 
INPUT: 

new Joc_obj: a data representation at least including a loc sig for an associated location about which Location 
Signature loc sigs are to have their confidences updated. 
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selection^cntcria: a data reputation desigrapng the toe sigs to be selected to have their confidences . 
updated (may be defaulted). The following groups of be sigs may be selected: "USERANDOH JGCJIGS" (this 
is the default), USE JEPEATABLE JOCJIGS", "USE JUiJOC JIGS". Note that each of these selections has 
values for the following values associated with it (although the values may be defaulted): 

(a) a confidence reduction factor for reducing be sig confidences, 

(b) abig. error threshold for determining the errors above which are considered too big to ignore, 

(c) a confidence increase factor for increasing be sig confidences, 

(d) a small error threshold for determining the errors below which are considered too small (Le., good) to 
ignore. 

(e) a recent time for specifying a time period for indicating the be sigs here considered to be "recent*. 
loc_sigj>op: a data representation of the type of be sig population to which the be sigs to be updated are 

compared. The following values may be provided: 

(a) "USE ALL IOC SIGS IN DB", 

(b) -USE ONLY REPEATABIE LOCSIGS" (this is the default), 

(c) -USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY" 

However, environmental characteristics such as: weather, traffic, season are also contemplated. */ 
/* Make sure "new Joc_obj" is in Location DB. V 

if (NOT newJocj)bj.inJ)B ) then I* this location object is not in the Location Signature DB; note this can be determined by 

comparing the location and times/datestamp with DB entries */ 
DBJnsenjjewJoe_sig_entri^ //stores be sigs in Locatbn Signature DB 

/* Determine a geographical area surrounding the location associated with 
"new Jocjobj" for adjusting the confidence factors of be sigs having associated 
locations in this area. V 
DB search areal < ~- get_a>afideiKe_adjust_xmh_arta_fo^^ 
/*get the be sigs to have their confidence factors adjusted. */ 
DBJoc_sigs <~ get_all_DBJoe_sigs_foi$ljt^ 

nearby Joc_sigJ>ag <— get be sigs from "DB Joe jigs" wherein for each be sig the distance between the location associated 
with "newbeobj location" and the verified location for the be sig is cbser than, for example, some 
standard deviation (such as the second standard deviation) of these distances for all be sigs in 
"DBJocJgs"; 

/*Foreaeh "be sig" having its confidence factor adjusted do */ 
for each be _sig[i] in nearby Jocsigjrag do //determine a confidence for these random be sigs 
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/* Determine a search area surrounding the location associated with "loc 
si^ 0 / 

be <~ ^w/w^Aa/*/?(loc_$ig[i]); 

/* Determine the error corresponding to how well "loc sig" fits with the 
portion of the inputted type of he sig population that is also in the search 
area. */ 

BS<-^/Jtf(locJg[i]); 

mark^as^unicmstikQuj^)) /* nark Toe jigp]" in the location Signature DB so that it isn't retrieved. */ 

DBjearch_arca2 <— getja>nfhkna_adjtist_smii^ 
f* Get search area about "rand Joe". Typically, the "new Joc_obj" would be in this search area */ 

bc_jifc_bag < — a^Joejag_ bs^l^J^\ /• create a be sig bag having a single toe sig, "locjigH"*/ 

output_critfiria < — get criteria to input to M Determioe_Loation_Signature_Fit M Errors w indicating that the function 
should generate error records in the returned "error jec_bag" only for the single be sig in 
*bc_sigjBg rt . That is, the output criteria is: "OUTPUT ERROR JECS FOR INPUT IOC SIGS 

omr. 

enor_rec_bag[i] <~ Detemine_Location_Signature_Fit_Errors(toc.loation 1 loc_sigJ«g, 

DB_search_area2 t be _«g_pop, output criteria); 
unmrk_m^ni_iass^l^J\^\ f* uomark "bejigpj" in the Location Signature DB so that h can now be 

retrieved.*/ 

} 

/* Reduce confidence factors of he sigs: (a) that are nearby to the location 
associated with "newjocjobj", (b) that have big errors, and (c) that have not 

been recently updated/acquired* V 
enror_rec_set <— imh_set_ onhn_ ^errorrec bag[i] for all i); 

/* Now modify confidences of be sigs in DB and delete be sigs with very low confidences */ 
reduce_bad - DB_k>c_sigs(neartjy_loc_siLb^, enorjojet, seted»n_criteriaJ)igjern)r_threshold, 

seleetion_criteriaxDnfidence_redurfon_factor, selectbn_criteriajecem Jime); 
/• Increase confidence factors of loc sigs: (a) that sure nearby to the location 
associated with "newjocjobj", (b) that have small errors, and (c) that have not 
been recently updated/acquired. */ 
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mcieasejcoitfiden^ 

$filection_criteria-$fraJI_ern)rjhre$hold f 

seteabn_criteriajconfidencejncrcase_factor l 

selectk>n_criteriajecemjime); 

5 END OF Update_LocJigJ)B 



DB_Loc_Sfg_Error_Flt(M$_Ioc_cst f DB_seairh_area, measured_loc_srg_bag, search_criteria) 

/• This function determines how well the collection of be sigs in "measured Joe ji^bag" ft with the loc sigs in the 
location signature data base wherein the data base loc sigs must satisfy the criteria of the input parameter *search_critcria M 
10 and are relatively dose to the NS location estimate of the location hypothesis, "hypothesis". Thus, in one embodiment of the 

present invention, the present function may be invoked by, for example, the confidence adjuster module to adjust the 
confidence of a location hypothesis. 
Input: hypothesis: MS location hypothesis; 

measured Joc_sig_bag: A collection of measured location signatures floe sigs" for short) obtained from 
15 the MS (the data structure here is an aggregation such as an array or list). Note, it is assumed that there is at 

most one loc sig here per Base Station in this collection. Additionally, note that the input data structure here 
may be a location signature duster such as the "tocsig^duster" field of a location hypothesis (d. Fig. 9). 
Note that variations in input data structures may be accepted here by utilization of flag or tag bits as one 
skilled in the art will appreciate; 

20 search ^criteria: The criteria for searching the verified location signature data base for various categories of 
loc sigs. The only limitation on the types of categories that may be provided here is that, to be useful, each 
category should have meaningful number of loc sigs in the location signature data base. The following 
categories included here are illustrative, but others are contemplated: 
(a) "USE All LOC SIGS IN DB" (the default), 
25 (b) "USE ONLY REPEATABLE LOC SIGS", 

(c) "USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY". 
Further categories of loc sigs close to the MS estimate of "hypothesis" contemplated are: all tec sigs for the 
same season and same time of day, all toe sigs during a specific weather condition (e.g^ snowing) and at the 
same time of day, as well as other limitations for other environmental conditions such as traffic patterns. 
30 Note, if this parameter is NIL then (a) is assumed. 

Returns: An error object (data type: "errorobject") laving: (a) an "error* field with a measurement of the error in the fit 
of the location signatures from the MS with verified location signatures in the Location Signature data base; and 
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... 0>) a "confidence" field with a value indicating the perceived confidence that is to be given to the ^rra^ valufc 
*/ 



if ("searchcriteria" is NIL) then 

seaichcritera <— "USE ALL LOCSIGS IN DB"; 
/* determine a collection of error records wherein there is an error record for 
each BS that is associated with a toe sight u measureJoc_sig_bag H and for each BS 
associated with a toe sig in a geographical area surrounding the hypothesis' s 
location. */ 

output_criteria <- "OUTPUT All POSSIBLE ERROR JECS"; 

f* The program invoked in the following statement is described in the location signature data base section. • / 

errorrecbag <- Detennine_UcatlonJignature_Fit_Ern)rs(MSJoc_ejt,iraajuredJoc_sig_bag, 

DB_seardi_area, searchcriteria, outputcriteria); 
I* Note, "errorjecjag" has "errerjec's" for each BS having a loc sig in "DBsearcharea" as well as each BS having 
a loc sig in "measined_loc_sig_bag". */ 

/* determine which error records to ignore */ 

BS_«rron_toJgnore_bag <— ^_^*OT^m_w_//ffi>fl?(DB_search_area.error_rec_bag,); 

I* Our general strategy is that with enough BSs having: (a) tec sigs with the target MS. and (b) also having verified 
locations within an area about the HS location "H$_loc_e$r. some relatively huge errors can be tolerated or ignored. For 
example, if the MS location estimate, "HSIocest", here is indeed an accurate estimate of the MS's location and if an 
area surrounding "MSJocjst" has relatively homogeneous environmental characteristics and the area has an adequate 
number of verified location signature dusters in the location signature data base, then there will be presumably enough 
comparisons between the measured MS loc sigs of "measured_loc_sig_bag" and the estimated loc sigs, based on verified 
HS locations in the DB (as determined in "DetermineLocationJojnaiureJitJrrors*), for providing "error_rec_bag" 
with enough small errors that these small errors provide adequate evidence for "MS_toc_est" being accurate. 
Accordingly, it is believed that, in most implementations of the present invention, only a 
relatively small number of loc_sig comparisons need have small errors for there to be 
consistency between the loc sigs of u measured_toc_sig_bag" and the verified loc sigs in 
the location signature data base. That is, a few large errors are assumed, in general, to 
be less indicative of the MS location hypothesis being incorrect than small errors are 
indicative of accurate MS locations. Thus, if there were ten measured and estimated loc sig pain, each 
associated with a different BS, then if four pairs have small errors, then that might be enough to have high confidence in 
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v ^ lo^tbn byf»thesc. However, note that tbb detenninatbo qiuU depend.on. thejypes o( base ^tation^ e^jf rm. 
fuil-jenrice base stations had measured and verified loc sigs that match reasonably well but five taction BSs in the search 
area are not detected by the HS (Le^ the measured Jxjig Jag has no loc sigs for these location BSs), then the 
confidence is lowered by the mismatches. 

Thus, for example, the largest t% of the errors in "errDrjecJag" may be ignored. Hote, that V may be: (a) 
a system parameter that is tunable using, for example, a genetic algorithm; and (b) Y may be tuned separately for each 
different set of environmental characteristics that appear most important to accurately accessing discrepancies or errors 
between loc sigs. Thus, for a first set of environmental characteristics corresponding to: rural, flat terrain, summer, 8 PM 
and dear weather, it may be the case that no loc sig errors are ignored. Whereas, for a second set of environmental 
characteristics corresponding to: dense urban, hilly, fall, 8 PM, heavy traffic, and snowing, all but the three smallest errors 
may be ignored. */ 

/* determine (and return) error object based on the remaining error records */ 
error_ohj.measmt <— 0;// initializations 
error j)bjxonfidence <— 0; 

for each error _rec[i] in (error_recJ»g - BS errors to Jgnore bag) do 
{ 

errorobjjneasmt <— error jibj.measmt + (error_rec[i].error); 
error_objxonfidence <— errorj>bj.confidence + (error_rec[i].confidence); 

} 

ern>r_obj.measmt <~ error j>bj.measmt/SIZEOF^ 

error j»bj\confideiKe <~ errorj>bj.confidence /$HEOF(error recjwg - BS^rrorsjoJgnoreJag); 

RETURN(errorobj); 

ENDOF DB_Loc_Sig_Error_Fit 

INTERNAL PROGRAMS: 

reduce_bad_DB Joc_sigs(!oc_sigJ>ag , errorj>ec_set, big_error_threshoId 

confldence reduction factor, recenttime) 

/* This program reduces the confidence of verified DB loc sigs that are (seemingly) no longer accurate (Le^ in agreement with 
comparable loc sigs in the DB). If the confidence is reduced low enough, then such loc sigs are removed from the DB. Further, if for a 
DB verified location entity (referencing a collection of loc sigs for the same location and time), this entity no longer references any 
valid be sigs, then it is also removed from the location signature data base 1320. .Note that the steps herein are also provided in 
flowchart form in figs. 18a through 18b. 
Inputs: 
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...... , Joc_sigJ>ag:4he^^ 

removed. 

errorjrecjset The set of "errorjrea" providing information as to bow much each loc sig in "locsigjHg" 
disagrees with comparable loc sigs in the DB. That is, there nan "error rec"here breach he skin 
5 "he sk bag". 

big^errorjhresho W: The error threshold above whkh the errors are considered too big to ignore. 
confidence_red action factor The factor by whkh to reduce the confidence of loc sigs. 
recent_time: Time period beyond whkh loc sigs are no longer considered recent 
{ /* get loc sigs from die Location DB having both big absolute and relative errors 
10 (in comparison to other DB nearby loc sigs) V 

rehtively Jng^rron Jag < — get "error jecs" in "errorjrecjet" wherein each "error_recerror" has a size larger than, for 

example, the second standard deviation from the mean (average) of such errors; 
big_errors_bag < — get "error jrecs" in "relatively Jigjrrorsbag" wherein each "errorjrecerror" has a value larger than 
"big_error threshold"; 

15 DBJoc jigswbig^errors < — get the loc sigs for "errorrecs" in "big_errors J»g* wherein each loc sig gotten here is 

identified by "errorjedocsigjd"; 
/*get loc sigs from the Location DB that have been recently added or updated V 
reaotjocjigs <— ^/iCT/^Ar^i7/i(loc_sig^bag, recent Jirae); f* Note, the function, "get recent loc sigs" can have 
various embodiments, including determining the recent location signatures by comparing their time stamps (or other time 
20 related measurements) with one or more threshold values for classifying location signatures into a "recent" category 

returned here and an a category for "old" or updatable location signatures. Note that these categories can be determined 
by a (tunable) system time threshold parameters) for determining a value for the variable, "recem_time", and/or, by 
data driving this categorization by, e.g n classifying the location signatures according to a standard devotion, such as 
defining the "recent" category as those location signatures more recent than a second standard deviation of the 
25 timestamps of the location signatures in "loc_sigJ»g". */ 

/* subtract the recent loc sigs from the loc sigs with big errors to get the bad ones 
V 

bad J)B Joc_sigs < - (lienor J)B Joe _sigs) - (rerent Joc_sigs); 
/* lower the confidence of the bad loc sigs V 
30 for each loc_sig[i] in bad J)B Jocstgs do 

bc sigfi] .confidence <— (loc_sig[i] .confidence) * (confidence jeductionjactor); 
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J* for each bad loc sig, update it in the DB or remove it from use if its confidence 
is too low */ 

r Now delete any be sip from the DB whose confidences have become too low. */ 
for each bejigfi] io bad_DB_tac_sip do 

if (h»c_sigfj]^onfidence < min be sig cwtfMena) then 

{ 

KEHOYEJROM_ tfff(loc_sig[i]); 

/* update composite location objects to reflect a removal of a referenced loc 
sig'i 

verifiedbcentity <— rttrkvt_ a>mposhe_ hatitm_ enthyjavinflntj^ ); 

/» This gets all other (if any) be srp for the composite location object that were verified at the same time as 
•bejigfj]". Note, these other be sip may not need to be deleted (Le, their signal characteristics may have a 
high confidence); however, it must be noted io the OB, that for the DB composite location entity having 
"tajWfl". this entity is no longer complete. Thus, this entity may not be useful as, e*. neural net training 
data.*/ 

mark Vrified_bc_entity" as incomplete but keep track that a be sig did exist for the BS associated with "besigpj"; 
if ^rified_bc_entity" now references no be sip) then REMOVE_ FROH_ «ff(verified_bc_entity); 

} 

else ^_/^i/e_flM^_sig[i]);//with its new confidence 
} ENDOF reduce bad DBJoc sigs 

increase_confidence_of_good_DB_loc_sigs(nearby_loc_sig_bag, error_rec set, 
small error threshold, confidence jncreasejactor, recent time); 

/• This program increases the confidence of verified DB be sip that are (seemingly) of higher accuracy (he, in agreement with 
comparable loc sigs in the DB). Note that the steps herein are also provided in flowchart form in figs. 19a throughl9b. 
Inputs: 

bc_sigjiag: The be sip to be tested for determining if their confidences should be increased. 
error_rec_sefc The set of "errorrea" providing information as to how much each be sig in "focsigjag" 

disagreeswithainparaWelocsipmtheDB. Tto& a, that h an 'error rsc'htmfor^rhbr^ in 

'be sir lag". 

small_ern)r_thresholA- The error threshold bebw which the errors are considered too small to ignore, 
confidence Jncreasejactor The factor by which to increase the confidence of be sip. 
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. tt .Wcpt^mecTifMperiod^ ^ >r * w*•^.^"■>..." 

/*4e*^K*feF#Vffi the Location DB having both small absolute and relative errors 
(in comparison to other DB nearby loc sigs) V 

relatively jmall_errors Jag < — get "errorjecs" in "errorjec jet w wherein each "errorrecerror" has a size smaller than, for 
5 example, the second standard deviation from the mean (average) of such errors; 

smail_errors_bag < — get "error recs* in "relatively jman_errorsjag w wherein each "error jBcerror" has a size smaller than 
"sraallerrorjhreshokr; 

DB_loc_sigs_w_snall errors < - get the loc sigs for "errarjecs" in "smallerrorsbag" wherein each be sig gotten here is 

identified by "error reebe jigjd"; 
10 /* get loc sigs from the Location DB that have been recently added or updated */ 

recent Jocjigs < — get_rmntJoc_sig^J\iJai % recentjiroe); 

/* subtract the recent loc sigs from the loc sigs with small errors to get the good 
ones */ 

goodDBIocjigs (small error DB Ioc sigs) - (recent Jocjigs); 
15 /* for each good toe sig, update its confidence V 
for each bc_$ig[i] in gowJDB Jocjigs do . 
{ 

locjig[i].confidence <~ (tocjig[i].confidence) * (confidence increase Jactor); 
if (loc_sig[i]xonfidence > 1.0) then loc jigp] <~ U); 

20 } 

ENDOF increase jrood_DB Joc_sigs 

DATA BASE PROGRAMS FOR DETERMINING THE CONSISTENCY OF LOCATION 
HYPOTHESES WITH VERIFIED LOCATION INFORMATION IN THE LOCATION 
25 SIGNATURE DATA BASE 

LOW LEVEL DATA BASE PROGRAMS FOR LOCATION SIGNATURE DATA BASE 

/* The following program compares: (al) toe sigs that are contained in (or derived from) the loc sigs in "targetjoc _sig_bag tt with 
30 (bi) loc sigs computed from verified loc sigs in the location signature data base. That is. each loc sig from (al) is compared with a 
corresponding loc sig from (bl) to obtain a measurement of the discrepancy between the two be sigs. In particular, assuming each of 
the loc sigs for "targetjoc jigjag" correspond to the same target US location, wherein this location is "targetjoc", this program 
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,dettnnin^how,w€ll the.locsigs in "larget^toc^jig^bagrfitwith a computed or estimated loc $ig for the location, ^rgct-kK?^ * ; 
that a derived from the verified be sigs in the location signature data base. Thus, this program may be used: (a2) for determining 
how well the loc sigs in the location signature cluster for a target MS ("target Jocjigjag") compares with loc sigs derived from 
verified location signatures in the location signature data base, and (b2) for determining how consistent a given collection of loc sigs 
("targetjocjigjag") from the location signature data base is with other foe sigs in the location signature data base. Note that in 
(b2) each of the one or more be sigs in "target Joc_sig_bag" have an error computed here that can be used in determining if the 
be sig is becoming inapplicable for predicting target MS locations Hote that the steps herein are also provided in flowchart form in 
Figs. 20a through 20d*/ 

Determine M Locatbn_Signature_Fk M Em>rs(targetJo^ targetJoc_sig_bag, 
searcharea, seairhcriteria, output_crrteria) 

P Input target Joe An MS bcation or a location hypothesis for a particular MS. Hote, this can be any of the 
following: 

(a) An MS location hypothesis, in which case, the be sigs in "target Joc_sig_bag w 
are included in a location signature cluster from which this location hypothesis was 

15 derived. Note that if this location is inaccurate, then "targetjoc _sigj»g w is unlikely to 

be similar to the comparable be sigs derived from the be sigs of the location signature 
data base cbse "targetjoc"; or 

(b) A previously verified MS location, in which case, the loc sigs of 
"target_bc_sig_bag* are previously verified be sigs. However, these loc sigs may or 

20 may not be accurate now. 

target Joc_sigJ>ag: Measured location signatures ("be sigs" for short) obtained from the particular MS 
(the data structure here, bag, is an aggregation such as array or list). The location signatures here may be 
verified or unverified. However, it is assumed that there is at least one he sig in the 
bag. Further, it is assumed that there is at most one he sig per Base 

25 Station. It is also assumed that the present parameter includes a "type" 

field indicating whether the he sigs here have been individually selected, or, 
whether this parameter references an entire (verified) loc sig cluster; Le., 
the type field may have a value oh "UNVERIFIED LOC SIG CLUSTER" or 
"VERIFIED LOC SIC CLUSTER"; 

30 searthjirea: The representation of the geographic area surrounding "target Jx". This parameter is used 

for searching the Location Signature data base for verified be sigs that correspond geographically to the 
location of an MS in "search area"; 
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„ ....••..,>...,.:. . , ^?ren~qrteria: The criteria.used in«an±ing dre rotation signature data base.-Tbe criteria may indude v; ; " r " " ■«* ^ 

the following: 

(a) "USE ALL L0CS1GS JN D8". 

(b) "USE ONLY REPEATABLE LOCSIGS", 

5 (c) "USE ONLY IOC SIGS WITH SfHILAR TIHE OF DAY". 

However, environmental draracteristics such as: weather, traffic, season are also contemplated. 
outputoTteria: The criteria used in determining the error records to output in "errorjec". The criteria 
here may include one oh 

(a) "OUTPUT ALL POSSIBLE ERRORJEC"; 
10 (b) "OUTPUT ERRORJECS FOR INPUT IOC SIGS ONLY". 

Returns: error_rec A bag of error recoids or objects providing an indication of the similarity between each be sig in 
"tttgetjocjigjjag" and an estimated loc sig computed for "target_loc" from stored loc sigs in a surrounding 
area of "targetjoc". Thus, each error record/object in "errorjec" provides a measurement of how well a loc sig 
(he., wireless signal characteristics) in "argetjocjigjag" 0oran associated BS and the HS at "targetjoc") 
15 correlates with an estimated loc sig between this BS and HS. Note that the estimated loc sigs are determined using 

verified location signatures in the Location Signature DB. Note, each error record in "error jec" includes: (a) a BS 
ID indicating the base station to which the error record corresponds; and (b) an error measurement ( > = 0). and 
(c) a confidence value (in [0. 1]) indicating the confidence to be placed in the error measurement Also note that 
since "errorjec" is an aggregate data type (which for many aggregate identifiers in this specification are denoted by 
20 the "fl" '-W on tht fortifier), it an be any one of a number data types even though it's members are accessed 

frereinbebw using array notation. */ 

/•get BS's associated with DB loc sigs in "searchjarea" that satisfy 
"search_criteria" */ 

DBJoc_sig_bag < ~ mrim_ «/rifa/_&j//Xrearch_area, search jriteria); 
25 II P l a " wnfod appropriate location signatures residing in the Location Signature data base. 

// Note, some loc sigs may be blocked from being retrieved. 
OB_BS _bag < - **Lfl3<DBjKjigjHg); // get all base stations associated with at least one location 

// signature in DBJocjigbag. Note, some of these BSs may be low power "location 

//BSs". 

30 /* get BS's associated with loc sigs in u target_loc_sig_ bag" •/ 
target_BS_bag <-pt_ «j(target Joe jig bag); //get all base stations associated with at least one 

//location signature in "target loc sigjrag". 
/* determine the BS's for which error records are to be computed */ 

ISO 
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case of "output criteria" jnduding: 

"OUTPUT All POSSIBLE ERRORRECS": /* In this case, it is desired to determine a collection or error records wherein there is 
an error record for each BS that is associated with a loc sig in "targettocsigjiag" and lor each BS associated 
with a lot in the "searcharea" satisfying "seard>_criteria". •/ 

B$_bag<- (DBBSbag) union (target JS bag); 

"OUTPUT ERROR JECS FOR INPUT IOC SIGS ONLY": 

BJ_bag<- target JSbag; 

endcase;" 

/* for each BS to have an error record computed, make sure there are two loc sigs 
to compare: one toe sig derived from the "BS^bag" loc sig data, and one from 
derived from the loc sigs in the Location Signature DB, wherein both loc sigs are 
associated with the location, "targetjoc". */ 
for each BS[i] in "BS hag" do 

{ I* determine two (estimated) loc sigs at "targetjoc", one derived from "target Joc_sig_bag" (if possible) and one derived 
from Location Signature DB loc sigs (if possible) */ 
comparison_loc_sig_bag[i] < - ntrim_ veri/iedJoc_sigs_fo/(K[i], search area, searchcriteria); 

f* get all loc sigs for which BS[i] is associated and wherein the verified MS location is in 
"search_area" (which surrounds the location "targetjoc") and wherein the loc 
sigs satisfy "searchcriteria". */ 
r now determine if there are enough loc sigs in the "comparison Joc_sig_bag" to make 
it worthwhile to try to do a comparison. 7 

if ( (StlEOF(conipartson_kK_s^bag[n)/(Si7EOF(seardi_area)) ) < min_thresyd_ratin(area_type(search_area)) ) 
then 

I* it is believed that there is not a dense enough number of verified be sigs to compute a composite 
loc sig associated with a hypothetical MS at "targetjoc". */ 
error_rec[i].error <— invalid; 
else /* there are enough he sigs in "comparison Jocjsigjbag" to continue, and in 
particular, an estimated loc sig can be derived from the loc sigs in 
"comparisonJoc_sig_bag"; however, first see Ha target loc sig can be 
determined; if so, then make the estimated toe sig (denoted 
"estimated Joc_sig[i]") . •/ 

i 
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H.r •.. ^iP^ti>W_BJq)44^~^» ■ >»■-■■■• • -: 

/•getabcsigin "target_B$_la g " for B$[i]; assume at most one loc sig per B$ in 
"tanjet_foc_sig_bag" */ 
target_bc_sig[ij < ~ get_ hc_sifl&% target_loc_sig_bag); 
else /» B$[i] is not in "target _B$_bag», accordingly this implies that we are in the 
process of attempting to output an possible error records for all BS's (a) 
that have previously been detected in the area of "search_area" (satisfying "searcb_criteria"), union, 
(b) that are associated with a loc sig in -target_bc_Hg_bag-. Note, the path here is performed when 
the HS at the location for "targetjoc- did not detect the BS [i], but BS[i] has previously been detected 
in this area.*/ 

if (targetJoc_sig_bagjype = = "UNVERIFIED IOC SIG CLUSTER") then 

/* can at least determine if the HS forthe duster detected the BS[i]; It, whether BS[i] 
was in the set of BS's detected by the MS even though no loc sig was obtained for BS[Q. */ 
if (SS_ oo^Jettaa^tptjKjiJag, 8S[i]) ) then I* detected but no loc sig */ 

enor_rec[i]*rror < -invalid;/* can't determine an error ff this half the information 
we have*/ 

else/* BS[i] was not detected by the MS at ^rgel_locJocatio n -, so the pitot channel for BSfj] was 
in the noise; make an artificial loc sig at the noise ceiling (alternatively. e.g., a mean noise 
value) for the HS location at "target loc" */ 
titmjKjg^<-~ge{_mm_ a ira^/u 1 garget Joe); 
else; /* do nothing; there are no other types for "target_loc_sig_bagaype" that are currently used when 
outputting all possible error records for BS*s •/ 
if (error_rec[iJjrror NOT invalid) then 

r we have a "targetjocjg" for comparing, so get the derived be sig estimate obtained from the 

verified loc sigs in the location signature data base. */ 
estimated_loc_sigfi] < - estimate_loc_sig_from_DB(torgetJoc.bation. 

comparisoo_loc_sig_bag[i]); 
/• The above call function provides an estimated be sig for the location of "targetjoc" and BSp] 
using the verified tec sigs of "comparisoo_bc_sig_bag[i]" •/ 

} 

/* for each BS whose error record has not been marked "invalid", both 
M t*rgetJoc_sig» and "estimated Joc_sig» are now weiMeffned; so compute an 
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error record related to the difference between ?targetJoc_sig" ^ 
"estimatedjoc^sig". •/ 

for each BS[i] in "BSJag * with error_rec[i).err0r not invalid do p determine the error records for these base stations */ 
{ 

5 P Note, the "target_Joc_sig w here is for an HS at or near the location for the center of area for "targetbc*. */ 
errorrecp] < -~ get_differcrtce_mea$urement(target Jocjigfi], esthnated_loc_jig[i], 

ramparison_locjigjHg[i], search_area, search_criteria);/* get a measurement of the difference 
between these two be sigs.*/ 
error_retbc_sigjd <- target Joc_sig[i].id; p this is the loc sig with which this error_rec is associated ♦/ 
10 eiror_recxomparisonJoc_sig_id_bag <— comparison Joc_sig_bag[i]; 
} 

RETURN(error_rec); 

ENDOF Determine_Location_$!gnature_Fit_Errors 

15 estimate_loc_sig w from_DB(locJor_estimation, loc_sigJ>ag) 

P This function uses the verified loc sigs in "loc^sigjag" to determine a single estimated (or "typical") loc sig derived from 
the loc sigs in the bag. Note, it is assumed that all loc sigs in the ^loc^sig^bag" are associated with the same BS 122 
(denoted the BS associated with the M tac_sig_bag") and that the locations associated with these loc sigs are near 
Tocjor ^estimation". Further, note that since the loc sigs are verified, the associated base station 
20 was the primary base station when the he sig signal measurements were sampled. Thus, the 

measurements are as precise as the infrastructure allows. Note that the steps herein are also provided in flowchart form in 
fig.2l. 

Input: locjorestination A representation of a service area location. 

locsigbag A collection of verified loc sigs, each associated with the same base station and 

25 each associated with a service area location presumably relatively near to the 

location represented by "locjorjstimation". */ 
est Jocjig < - extrapolate/interpolate a location signature for the location at "be Jor_estimation" based on loc sigs in 

P Note, "estjocjig" includes a location signature and a confidence measure. 
30 The confidence measure (in the range: [0, 1]) is based ore (a) the number of verified be sigs in the search area; (b) how 

well they surround the center location of the new Joe, and (c) the confidence factors of the be sigs in "loc sig Jrag" (e.g„ use 
average confidence value). 
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, r Note, for the wtrapobtion/imerpohtion computation here, there are many such extrapolation/interpolation methods * ■ * 

available as one skilled in the art will appreciate, for example, in one embodiment of an extrapolation/interpolation method. 

the following steps are contemplated: 

(39.1) Apply any pre-processing constraints that nay alter any subsequently computed "est Joe jig" values derived 
below). For example, if the BS associated with "loc _sigjag" is currently inactive "location BS" (he., "active" 
meaning the BS is on-line to process location information with an US, "inactive" meaning the not on-line), then, 
regardless of any values that may be determined hereinbelow, a value or flag is set (for the signal topography 
characteristics) indicating "no signal" with a confidence value of I is provided. Further, additional pre- 
processing may be performed when the BS associated with "loc _sig_bag" is a location BS (LBS) since the 
constraint that a pilot channel from such an LBS is likely to be only detectable within a relatively small distance 
from the BS (e.g, 1000 ft). For example, if the HS location, "locjor^estimation", does not intersect the 
radius (or area contour) of such a location BS, then, again , a value or flag is set (for the signal topography 
characteristics) indicating "outside of LBS area" with a confidence value of I is provided. Alternatively, if (a) 
a determined area, A, including the HS location, "loc Jor_estimation" (which may itself be, and likely is, an 
area), intersects (b) the signal detectable area about the location BS, then (c) the confidence factor value may 
be dependent on the ratio of the area of the intersection to the minimum of the size of the area in which the LBS 
is detectable and the size of the area of "loc Jor ^estimation", as one skilled in the art will appreciate. 

Further, it is noteworthy that such pre-processing constraints as^erformed in this step may be 
provided by a constraint processing expert system, wherein system parameters used by such an expert system 
are tuned using the adaptation engine 1381 
(392) Assuming a value of "no signal" or "outside of LBS area" was not set above (since otherwise no further steps 
are performed here), foreach of the coordinates (records), C, of the signal topography characteristics in the be 
sig data structure, generate a smooth surface, S(C), of minimal contour variation for the set of points { (x,y,z) 
such that (x,y) is a representation of a service area location , and z is a value of C at the location (x,y) for some 
loc sig in "loc jifcjag" wherein (x,y) is a point estimate (likely centroid) of the loc sig}. Note that a least 
squares technique, a partial least squares technique, or averaging on "nearby" (x,y,z) points may be used with 
points from the above set to generate other points on the surface S(Q. Additionally, note that for at least some 
surfaces characterizing signal energy, the generation process for such a surface may use the radio signal 
attenuation formulas for urban, suburban, and rural developed by H. Hata in IEEE Trans, YT-29, pgs. 317-325, 
Aug. 1980, "Empirical Formula For Propagation Loss In land Mobile Radio" (herein incorporated by reference). 
For example, Hata's formulas may be used in: 

(3921) Determining portions of the surfaces S(Q where there is a low density of verified loc sigs in 

"locjigjag". In particular, if there is a very low density of verified toe sigs in "loc jigjag" for 
the service area surrounding the location of "be Jor ^estimation", then by determining the area 
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* .. , fww; st wir. ^y.^Rffe) ,(*** tramraissioo area type as described hereinabove,, assuming a .correspondence between .1 * r 
the transmission area types and the more coarse grained categorization of : urban, suburban, and 
rural) between this location and the base station associated with "toc^sigjag", and applying Hata's 
corresponding formula(s), a signal value z may be estimated according to these type(s) and their 
corresponding area extents between the MS and the BS. Note, however, that this option is considered 
less optimal to using the verified be sigs of "toc_sigjag w for determining the values of a surface 
S(C). Accordingly, a lower confidence value may be assigned the resulting composite loc sig (Le^ 
M estJoc_sig") determined in this manner; and rebtedly, 
(3912) Determining a surface coordinate (x^) of S(Q when there are nearby verified loc sigs in 

"locjig Jag", for example, by using Hata's formulas, an estimated surface value z, at the location 
(Wo) may be derived from estimating a value i } at (xo,y 0 ) by adapting Hata's formula's to 
extrapolate/interpolate the value Zj from a nearby location foyj having a verified loc sig in 
"be jfcjag". Thus, one or more estimates Zj may be obtained used in deriving Zo as one stalled in 
statistics will appreciate. Note, this technique may be used when there b a moderately low density of 
verified loc sigs in "locjigjag" for the service area surrounding the location of 
"loejor_estimation". However, since such techniques may be also considered less than optimal to 
using a higher density of verified be sigs of "tocjigjag* for determining the values of a surface S(C) 
via a least squares or partial least square technique, a lower confidence value may be assigned the 
resulting composite be sig (Le., "est Jocjig") determined in this manner. 
Further, recall that the values, z, for each be sig are obtained from a composite of a plurality of signal 
measurements with an MS, and, that each value z is the most distinct value that stands out above the noise in 
measurements for this coordinate, C So, for example in the CDMA case, for each of the coordinates C 
representing a finger of signal energy from or to some MS at a verified tocation, it is believed that S(Q will be a 
smooth surface without undulations that are not intrinsic to the service area near "be Jor_estimation". 
(393) For each of the coordinates, C, of the signal topography characteristics, extrapolate/interpolate a C-coordinate 
value on S(Q for an estimated point location of "loeJor_estimation". 
further note that to provide more accurate estimates, it is contemplated that Hata's three geographic categories and 
corresponding formulas may be used in a fuzzy logic framework with adaptive mechanisms such as the adaptation engine 1382 
(for adaptively determining the fuzzy tag* classificatbns). 

Additionally, it is also within the scope of the present invention to use the techniques of L E. Vogler as presented in "The 
Attenuation of Electromagnetic Waves by Multiple Knife Edge Diffraction", US Dept of Commerce, NTIA nos, 81-86 (herein 
incorporated by reference) in the present context for estimating a loc sig between the base station associated with 
"loc jigjag" and the tocation of "loc Jor_estimation'\ •/ 
RETURNfestlocj'g) 
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getareatosearch(loc) 

r Tbisfunction determines and return a representation of a geographic area about a location, "lot", wherein: (a) the geographic 
arealmajatiatedHSloa^ 

■^^mtak^ftfenp^Mbmlfc. Hmver if tf Itre a re «„eno l? hlocsipinevenabrg«« 
acceptable search area about "be", then this largest search area is returned. Note that the steps herein ait also provided in 
flowchart form in Figs. 22a through 22b. •/ 

{ 

bc_area_type < - *W a/w_fl*(loc) ; /-get the ana type surrounding "be"; note this may be 

avectoroffunyraluesassocatedwithacemralloQtionof "toe", or, associated with an area having "toe" 
V 

seaich_area <~ptjkfaak_ afl»_ak«r(bc);/* thh is the largest area that will be used •/ 
saved_search_area < - search_area; // may need it after "search_area" has been changed 
seard._aiea_types<~^_^« a L^«ach_wa) : // et ad^i^inl»^iBm«aii l .«c. 
bop until RETURN performed: 
{ 

min_acceptable_nbr_bc_sigs <-0;//inrtiaIizatron 
for each area_lype in "searcharcatypes" do 
20 { 

area_perant <~ gtt_pttum_ofjua L ^area_type, search_area); 

r get percentage of area having "areatype" •/ 
minacteptablenbrjocsigs <-mm_araptable_nbr_loc_5igs + 
[(get_min_arapobfe_verifed^^ 
($BEOF(search_area) * area_perantt / 100)]; 
} 

r Now get all verified be sigs from the location signature data base whose associated HS location is in 

"seareharea".*/ 
totalnbrjocjigs <- t*j*jniM_M_hc_s&^jm)i 
30 d(min_acceptable_nbrJoc_sigs>total_nbrJoc sigs) 

then /• not enough be sigs in "search_area"; so return "saved_search_area" •/ 
RnURN(saved_search_area); 
else I* there b at least enough be sigs, so see if "seareharea" can be decreased */ 
{ savedsearcharea < — seareharea; 
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m. * ^vir*^JHBU< — deaease_seardi^am_2boail^ seardrarea); , v /v u , ... : v,:*,* 
} 

} 

} 

ENDOF get_areaJojearth 

/• For processing various types of be sigs, particular signal processing filters may be required. Accordingly, in one embodiment of 
the present invention, a "filterjjag" object dass is provided wherein various filters may be methods of this object (in object-oriented 
terminology) for transforming be sig signal data so that it is comparable with other loc sig signal data from, for example, an MS of a 
different classification (eg., different power classification). It is assumed here that such a "filter Jag" object includes (or 
references) one or more filter objects that correspond to an input filter (from the Signal Filtering Subsystem 1220) so that, given a 
location signature data object as input to the filter J»g object* each such filter object an output toe sig filtered data corresponding 
to the filter object's filter. Note, such a filterbag object may accept raw be sig data and invoke a corresponding filter on the data. 
Further, a filter Jag object may reference filter objects having a wide range ol filtering capabilities. For example, adjustments to tec 
sig data according to signal strength may be desired for a particular loc sig comparison operator so that the operator can properly 
compare MS's of different power classes against one another. Thus, a filter may be provided that utifties, for each BS, a 
corresponding signal strength change topography nap (automatically generated and updated from the verified toe sigs in the 
location signature data base 1320) yielding signal strength changes detected by the BS for verified MS location's at various distances 
from the BS, in the radio coverage area. Additionally, there may also be filters on raw signal loc sig data such as quality 
characteristics so that loc sigs having different signal quality characteristics may be compared. */ 

get^differencemeasuremen^targetjoc^sig, estimated Joc_sig, 

comparison Joc_sig_bag, search_area, search criteria) 

/* Compare two location signatures between a BS and a particular MS location (either a verified or hypothesized location) for 
determining a measure of their difference relative to the variability of the verified location signatures in the 
"comparison Joe jigjag" from the location signature data base 1320. Note, it is assumed that "target_hc_sig", 
"estimated Joe jsig" and the loc sigs in "comparison Joc^bag" are all associated with the 
same BS 122. Moreover, it is assumed that "target loc jig"and "estimated Jocjig" are well-defined non-NIL loc sigs, and 
additionally, that "comparison Joe jigj»g" is non-HIL This function returns an error record, "errorjee", having an error or 
difference value and a confidence value for the error value. Note, the signal characteristics of "target Joe jig" and those of 
"estimated Joe jig" are not assumed to be normalized as described in section (26.1) prior to entering this function so that 
variations in signal characteristics resulting from variations in (for example) MS signal processing and generating characteristics of 
different types of MS's may be reduced, as described in the discussion of the be sig data type hereinabove, tt is further assumed 
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.that typically the.input loc sigs sadrfy the -seareh_cmeria^ Note that the steps herein are also provided in flowchart form in fip. * 



23a through 23c 



target_loc_sfe: The be sig to which the "errorrec" determined here is to be associated. Note that this toe sig is 
5 associated with a location denoted hereinbetow as the "particular location". 

estrmatedJoc_sig: The toe sig to compare with the "target Jocjig", this toe sig: (a) being for the same MS location as 
"targetjocjig", and (b) derived from verified toe sigs in the location signature data base whenever 
possible. However, note that if this toe sig b not derived from the signal characteristics of toe sigs in 
the location signature data base, then this parameter provides a loc sig that corresponds to a noise 
10 level at the particular MS location. 

comparison Joc_sfe_bag: The universe of toe sigs to use in determining an error measurement between 

"target toc sig" and "estimated_toc_sig" . Note, the be sigs in this aggregation include all 
be sigs for the associated Base Station 122 that are in the "searcb area" (which surrounds the 
particular MS location for *taigetJoc_sig") and satisfy the constraints of "searchcriteria". 
15 h 8 assumed that there are sufficient loc sigs in this aggregation to perform at toast a 

minimally effective variability measurement in the loc sigs here. 
search_area: A representation of the geographical area surrounding the particular MS location for all input toe sigs. This 

input is used for determining extra information about the search area in problematic circumstances. 
search_criteria: The criteria used in searching the location signature data base 1320. The criteria may include the 
20 following: 

(a) USE ALL LOC SIGS IN DB", 

(b) "USE ONLY REPEATABLE LOC SIGS", 

(c) "USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY 

However, environmental characteristics such as: weather, traffic, season are also contemplated. */ 
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error <~ 0; //in'itialitation 

/*get identifiers for the fitters to be used on the input loc sigs */ 

ftarjag <-/tf_/7,fe,_,^to_/W 

f* It b assumed here that each entry in "filterjag" identifies an input filter to be used in the context of determining a 
difference measurement between toe sigs. Note, if all loc sigs to be used here are of the same type, then it may be that there a no 
need for filtering here. Accordingly, "filterjag" an be empty. Alternatively, there may be one or more filter objects in 
"filterjag"*/ 
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initializations.?/* r^.,, v/.-uv.s :.«*.•.-*«.*•:<: *• ^ -.- , . • 



/ # /br eacft i7/te/; determine a difference measurement and confidence V 

for each filter ob} indicated in filter_hag do 

{ 

/* filter "tar&tjocjsig", "estimated Joc^stg" and loc sigs in "comparisonJoc_sig_bag"; 
note, each fitter_obj can determine when it needs to be applied since each he sig includes: 
(a) a description of the type(e.g, make and model) of the he sig's associated MS, and(b)a 
filter fiagfs) indicating fitters) that have been applied totheloc sig. •/ 
target Joe jig <- fifter_obj(target Joe jig); /• filter at least the signal topography characteristics ♦/ 
estimated Joe jig < - fflterjibj(estiiiMed Joe jig); /* filter at least the signal topography characteristics */ 
comparison JocjigJ»g<~ filterjbj^mparison^locjiLbag); /* filter loc sigs here too ♦/ 

} 

/* determine a difference measurement and confidence for each signal topography 
characteristic coordinate */ 

for each signal topography characteristic coordinate, C, of the loc sig data type do 
{ 

variability jneasmtval < — get_ vzmbtihfjzngfa comparison _toc_sig^bag); 

/• This f unction provides a range of the variability of the C-coordinate. In one embodiment this measurement is a 
range corresponding to a standard deviation. However, other variability measurement definitions are contemplated 
such as second, third or fourth standard deviations. */ 

/* make sure there are enough variability measurements to determine the 

variability of values for this coordinate. */ 

if ($IZEOf(comparison_loc_sit_bag) < ap*aed_BS_kK_sii^thrtsho^ search criteria)) 

then /* use the data here, but reduce the confidence in the variability measurement Note that it is expected 
that this branch is performed only when "comparison Joe jig Jag" is minimally big enough to use (since this 
is an assumption for performing this function), but not of sufficient size to have full confidence in the values 
obtained. Mote, a tunable system parameter may also be incorporated as a coefficient in the computation in the 
statement immediately below. In particular, such a tunable system parameter may be based on "search area" 
or more particularly, area types intersecting "searcharea* */ 
{ 
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expected_ BSJocsij^ tftfjM^search_area, search_criteria); 

} 

eke /* There is a sufficient number of foe sigs in "comparison Joc_rig^bag" so continue */ 
5 { 

variabinty_measmt_conf_reductionJactDr <— 1.0; //Le., don't reduce confidence 

} 

/* Now determine the C-coord difference measurement between the 
"targetJoc_sig" and the "estimatedJoc_sig" */ 
10 delta < ~ iWJJtaijet Joe jig[q • estimated Joc_sig[q); //get absolute value of the difference 

if (delta > variability jneasmtval) then 
{ 

error <— error + (delta/variability measmtval); 

} 

15 }/• end C-coord processing */ 

/* construct the error record and return it */ 
errorrecenor <— error; 

/• Get an average confidence value for the he sigs in "comparisonJoc_sigJ>ag" Note, we use 
this as the confidence of each be sig coordinate below. */ 
20 average_confidence < — /*fEMfl(bc_sigxonf!dence for loc_sig in "comparison Joc_sig Jag"); 

errarrecconfidence <~ HIN(target loc_sigxonridencc, estimated loc_ugxonrKlence» (average_confidence * 

variability jneasmt jonf_reductionJactor)); // presently not used 

RETURH(errorjec); 

ENDOF get_difference_measurement 
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APPENDIX D: Context Adjuster Embodiments 

A description of the high level functions in a first embodiment of the Context Adjuster 
context_adjuster(Ioc_hypJist) 

/» This function adjusts the location hypotheses on the list, "locjypjist", so that the confidences of the location hypotheses are 
determined more by empirical data than default values from the First Order Models 1224. That is, for each input location hypothesis, 
its confidence (and an US location area estimate) may be exclusively determined here if there are enough verified location signatures 
available within and/or surrounding the location hypothesis estimate. 

This funaion creates a new list of location hypotheses from the input list, "locjyp JisT, wherein the location hypotheses on 
the new list are modified versions of those on the input list For each location hypothesis on the input list, one or more corresponding 
location hypotheses will be on the output list Such corresponding output location hypotheses will differ from their associated input 
location hypothesis by one or more of the following: (a) the "imagejirea" field (see Fig. 9) may be assigned an area indicative of 
where the target MS is estimated to be, (b) if "image_area" is assigned, then the "confidence" Held will be the confidence that the 
target MS is looted in the area lor "image_area", (c) if there are not sufficient "nearby" verified location signature clusters in the 
location signature data base to entirely rely on a computed confidence using such verified location signature clusters, then two 
location hypotheses (having reduced confidences) will be returned, one having a reduced computed confidence (for "imagejirea") 
using the verified clusters in the Location Signature DB, and one being substantially the same as the associated input location 
hypothesis except that the confidence (for the field "areajst") is reduced to reflect the confidence in its paired location hypothesis 
having a computed confidence for "image^area". Note also, in some cases, the location hypotheses on the input list, may have no 
change to its confidence or the area to which the confidence applies. Note that the steps herein are also provided in flowchart form in 
Figs. 25a and 25b. 

•/ 

{ 

newjocjiypjist <~ cmte_new_emptyjist§\ 

for each loc Jypp] in locjyp Jist do /• Note, T is a First Order Model 1224 indicator, indicating the model that output 
"hypJoc[i]"*/ 

{ 

rmtreyn>m_tist(ktjiff% locjiypjist); 

if (NOT loc Jyp[i].adjust) then f no adjustments will be made to the "areajst" or the "confidence" fields since the 
"adjust" field indicates that there is assurance that these other fields are correct; note that such designations 
indicating that no adjustment are presently contemplated are only for the location hypotheses generated by 
the Home Base Station First Order Model, the Location Base Station First Order Model and the Mobil Base 
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, S f at » n f ^ Order Model. Inpartirobr.loatwnl^ 
confidences of I J) indicating with highest confidence that the target MS is within the area estimate for the 
location hypothesis. Alternatively, in the Location Base Station model, generated location hypotheses may 
have confidences of (substantially) + 1.0 (indicating that the target MS is absolutely in the area for 
"aiea est"), or, -1.0 (indicating that the target MS is NOT in the area estimate for the generated location 
hypothesis).*/ 

{ Ik JypfiJ jmage_area < - HUH; // no adjustment, then no "imagearea" 
add_toJist(new_loc_hypJist, bc_hyp[i]);//add "loc hypfi]" to the new fist 

} 

else /* the location hypothesis can (and will) be modified; in particular, an "image area" may be assigned, the 

"confidence" changed to reflect a confidence in the target MS being in the "image_arca". Additionally, in some 
cases, more than one location hypothesis may be generated from "mc hypfij". See the comments on f IG. 9 and 
the comments for "getadjusted Joe Jypfistjor" for a description of the terms here. •/ 

{ 

tempfist < -- gct_adjustedJoc_hypJist_for(loc_hyp[i]); 
newtocjypfist <- a>^/w_&a(newJoc_hyp_rist,temp_list); 

} 

RETURH(new_loc_hyp_lijt); 
}EHDOF 

get_adjusted_!oc_hypJist_for(loc_hyp) 

f This function returns a fist (or more generally, an aggregation object) of one or more location hypotheses related to the input 
location hypothesis, "loc hyp". In particular, the returned location hypotheses on the fist are "adjusted" versions of "locjyp" in 
that both their target MS 140 location estimates, and confidence placed in such estimates may be adjusted according to archival MS 
location information in the location signature data base B20. Note that the steps herein are also provided in flowchart form in Figs. 
26a through 26c 

RETURNS: locjypjst This is a list of one or more location hypotheses related to the 

input "locjyp". Each location hypothesis on "tocjypjist" will typically be 
substantially the same as the input "tocjyp" except that there may now be a new target 
MS estimate in the field, "image area", and/or the confidence value may be changed to 
reflect information of verified location signature clusters in the location signature data 
base. 

Introductory Information Related to the Function, M get_adjusted_loc_hyp listjor" 



162 



WO 98/10307 PCT/US97/15892 
This, function and functions called by this function presuppose a framework or paradigm that requires some discussion as well as the . 
defining of some terms. Note that some of the terms defined hereinbelow are illustrated in fig. 24. 

Define the term the "the duster set" to be the set of all US location point estimates (e^ n the values of the "ptest" field 
of the location hypothesis data type), for the present FOM, such that these estimates are within a predetermined corresponding area 
(e.g„ "loc_hyp.pt covering" being this predetermined corresponding area) and these point estimates have verified location 
signature dusters in the location signature data base. 

Note that the predetermined corresponding area above will be denoted as the "cluster set area". 

Define the term "image cluster set" (for a given first Order Model identified by -|oc_hyp.FOM_ID-) to mean the set of 
verified location signature clusters whose MS location point estimates are in "the duster set". 

Note that an area containing the "image duster set" will be denoted as the "image cluster set area" or simply the 
"image area" in some contexts. Further note that the "image duster set area" will be a "small" area encompassing the "image 
duster set". In one embodiment, the image duster set area will be the smallest covering of cells from the mesh for the present POM 
that coven the convex hull of the image duster set Note that preferably, each cell of each mesh for each FOM is substantially 
contained within a single (transmission) area type. 

Thus, the present FOM provides the correspondences or mapping between elements of the cluster set and elements of the image 
duster set*/ 

{ 

add jo Jst(locJypJist, locjiyp); /* note the fields of "tocjyp" may be changed below, but add "locjyp" to the list, 

"locjyp Jist here*/ 

mesh <~ ptjdljmh_ >fer_iwrwSa<toc_hypJOHJD); /* get the mesh of geographic cells for the First Order Model for this 

location hypothesis.*/ 

ptjninjrea <-~get_min_area_surnundmi_pi(\QcJyv t mesh); /» Get a minimal area about the MS location point, 
M pt_est" of "*loc_hyp[i]~ indicating a point location of the target MS. Note that either the >_esT field must be 
vandorthe"area__est"fieldof "locjypp]" must be valid. If only the latter field is valid, then the centroid of the 
"area_est" field is determined and assigned to the "pt_est" field in the function called here. Note that the mesh of 
the model may be useful in determining an appropriately sized area. In particular, in one embodiment, if 
"toUiyp.pt_est" is interior to a cell, C, of the mesh, then "pt jniojirea" may correspond to C Further note that 
in at least one embodiment, "pt jnin_area" nay be dependent on the area typevWm which "tocjyp.pt jtfT 
resales, since sparsely populated flat areas may be provided with larger values for this identifier. Further, this 
function may provide values according to an algorithm allowing periodic tuning or adjusting of the values output, 
via, cg M a Monte Carlo simulation (more generally, a statistical simulation), a regression or a Genetic Algorithm. 

For the present discussion, assume: (i) a cell mesh per FOM 1224; (ii) each cell is contained in substantially a 
single (transmission) area type; and (iii) a pt_min_area" represents an area of at least one cell. •/ 

area <~ ptjninj^a;// initialization 
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ptjnaxjirea ^Trr/P/.i^a^jz^tf/Hffi^^loc^, mesh); /• Get the maximum area about rert^" that is 

deemed worthwhile for examining the behavior of the "tocJiypJOMJ)" first Order Model (f OM) about "ptest". 
Note that in at least one embodiment, this value of thi s identifier may also be dependent on the area ty pe within 
which "loc hyp^ t est" resides, further, this function may provide values according to an algorithm allowing 
periodic tuning or adjusting of the values output, via, e.g„ a Home Carlo simulation (more generally, a statistical 
simulation or regression) or a Genetic Algorithm. In some embodiments of the present invention, the value 
determined here may be a relatively large proportion of the entire radio coverage area region. However, the tuning 
process may be used to shrink this value for (for example) various area types as location signature clusters for 
verified MS location estimates are accumulated in the location signature data base. */ 
min_dusters <- pt_mk_nbr_of_ cto/j(loc_hypiOHJD,area);/» Forthe area, "area", get the minimum number 

("min_clusters") of archived US estimates, L, desired in generating a new target MS location estimate and a related 
confidence, wherein this minimum number is likely to provide a high probability that this new target MS location 
estimate and a related confidence are meaningful enough to use in subsequent Location Center processing for outputting a 
target MS location estimate. More precisely, this minimum number, "min_dusters," is an estimate of the archived MS 
location estimates, I, required to provide the above mentioned high probability wherein each L satisfies the following 
conditions: (a) L is in the area for "area"; (b) I is archived in the location signature data base; (c) L has a corresponding 
verified location signature cluster in the location signature data base; and (d) L is generated by the fOM identified by 
"locJypJOMJD"). In one embodiment, "minclusters" may be a constant; however, in another it may vary, 
according to area type and/or area she fof "area"), in some it may also vary according to the FOM indicated by 
"lochypJOMJD".*/ 

pt_est_bag < ~ get_pt_ uts_ for_ aup_dum_ «<k)c_hypJOM_ID, tochyp^rtjst, area); /* Get the MS location point 
estimates for this FOM wherein for each such estimate: (a) it corresponds to a verified location signature cluster 
(that may or may not be near its corresponding estimate), and (b) each such MS estimate is in "pt_min_area". */ 
1* Now, if necessary, expand an area initially starting with "pt_min_area" until at least 

"min_clusters" are obtained, or, until the expanded area gets too big. */ 
while ((s'Beof(pt_est_bag) < min_dusters) and (sizeoffarea) < = ptmaxarea) do 
{ area<— /«naa(area); 

min_clusters < - get_m/a_nfr_of_dm/J()iKjiffJQinji, area); // update for new "area" 
ptestbag <-Ftj*_em_for_image_duw_stt^Jn5[mjb, loc_hyp.pt_est, area); 

} 

atefi»_fi<loc_hyp^t_covering, area); // Make "area" the "pt_covering" field 



if (s'izeof(pt_est_bag) = = 0) then /•there aren't any other FOM MS estimates having corresponding verified location 
signature dusters; so designate "loc hyp" as part of the second set as described above and return. •/ 
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rK_nyp.image_area <- HUH; //no image area for this loc hyp; this indicates second jet 
RETURN(loc_hypJ$t); 

} 

r It is now assured that M pt_est_Dag» is non-empty and "area" is at least the size of a mesh 
celL»/ 

r Now determine "image_area" field for "loc_hyp" and a corresponding confidence value 
using the verified location signature dusters corresponding to the NS point estimates of 
"area" (equivalent!/, in "pt_estj>ag»'). ♦/ 
/•There are various strategies that may be used in determimng confidences of the 1mage_aiea- of a location hypothesis. In 
particular, for the MS location estimates (generated by the FOM of toc_hypJOM_ID) having corresponding verified location 
signature clusters (that may or may not be in "area"), H the number of such HS location estimates in "area" is deemed 
sufficiently high (i.e, > = "min_dusten" for "area"), then a confidence value can be computed for the "image_area" that 
is predictive of the target MS being in "image_area". Accordingly, such a new confidence is used to overwrite any previous 
confidence value corresponding with the target MS estimate generated by the fOM. Thus, the initial estimate generated by the 
FOM is, in a sense, an index or pointer into the archived location data of the location signature data base for obtaining a new 
target MS location estimate (It, «image_area") based on previous verified MS locations and a new confidence value for this 
new estimate. 

Alternatively, if the number of archived FOM MS estimates that are in "area," wherein each such MS estimate has a 
corresponding verified location signature dusters On "image_area"), is deemed too small to reliably use for computing a new 
confidence value and consequently ignoring the original target MS location estimate and confidence generated by the FOM, 
then strategies such as the following may be implemented. 

(a) In one embodiment, a determination may be made as to whether there is an alternative area and corresponding 
"image_area" that is similar to "area" and its corresponding "image_area" (e*. in area sire and type), wherein a 
confidence value for the "image_area" of this alternative area can be reliably computed due to there being a sufficient 
number of previous FOM MS estimates in the alternative area that have corresponding verified location signature clusters (in 
the location signature data base). Thus, in this embodiment, the confidence of the alternative "image_area" is assigned as the 
confidence for the "image_area" for of "area". 

(b) In another embodiment, the area represented by "pt_max_area" may be made substantially identical with the 
MS location service region. So that in many cases, there will be, as "area" increases, eventually be enough MS location 
estimates in the duster set so that at least -min_clu«en- will be obtained. Note, a drawback here is that -image_area" may 
be in become inordinately large and thus be of little use in determining a meaningful target MS location estimate. 
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r*.---.w (<) In another embodiment, denoted herein as the two tier strategy^ both the origiaal FOM HS location estimate and ^ 
confidence as well as the "imagejrea" MS location estimate and a confidence are used That is, two location hypotheses are 
provided for the target MS location, one having the FOM MS location estimate and one having the MS location estimate for 
-hnagejtfea". However, the confidences of each of these location hypotheses maybe reduced to reflect the resulting 
ambiguity of providing two different location hypotheses derived from the same FOM HS estimate. Thus, the computations for 
determining the confidence of "image jirea may be performed even though there are less than the minimally required 
archived FOM estimates nearby to the original FOM target MS estimate. In this embodiment, a weighting(s) may be used to 
weight the confidence values as, for example, by a function of the size of the M image_dusterjef. For example, if an 
original confidence value from the FOM was 0.76 and -area" contained only two-thirds of the minimally acceptable number, 
"min_clu$ters w t then if the computation for a confidence of the corresponding "image_area" yielded a new confidence of 
0.43, then a confidence for the original FOM target MS estimate may be computed as [ 0.76 * (1/3)] whereas a confidence for 
the corresponding "image jirea" may be computed as [0.43 * (2/$)]. However, it is within the scope of the present invention 
to use other computations for modifying the confidences used here. For example, tunable system coefficients may also be 
applied to the above computed confidences. Additionally, note that some embodiments may require at least a minimal 
number of relevant verified location signature dusters in the location signature data base before a location hypothesis utilizes 
the "image_area ,, as a target MS location estimate. 

Although an important aspect of the present invention is that it provides increasingly more accurate MS location 
estimates as additional verified location signatures are obtained (le., added to the location signature data base), it may be the 
case that for some areas there is substantially no pertinent verified location signature clusters in the location signature data 
base (e.g M image_area w may be undefined). Accordingly, instead of using the original FOM generated location hypotheses in 
the same manner as the location hypotheses having target HS location estimates corresponding to M image_areas" in 
subsequent MS location estimation processing, these two types of location hypotheses may be processed separately. Thus, a 
strategy is provided, wherein two sets of (one or more) MS location estimates may result: 

(i) one set having the location hypotheses with meaningful M image_areas H as their target MS location 
estimates and 

(ii) a second set having the location hypotheses with their confidence values corresponding to the original 
FOM target HS estimates. 

Since the first of these sets is considered, in general, more reliable, the second set may used as a "tie breaker" for determining 
which of a number of possible MS location estimates determined using the first set to output by the Location Center. Note, 
however, if there are no location hypotheses in the first set, then the second set may be used to output a Location Center target 
HS location estimate. Further note that in determining confidences of this second set, the weighting of confidence values as 
described above is contemplated. . 

The steps provided hereinafter reflect a "two tier* strategy as discussed in (c) above. 

•/ 
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. r.CM^Mn^f^Whm toto.Z/J'i bdordisaosed in (c) above. ?/ . 

duster ratio factor <- rain{(raeof(pt_eit_bag)/min_dnjlerj), 1.0}; 



I* Now use "area" to obtain a new target MS location estimate and confidence based on 
archived verified loc sigs, but first determine whether "area" is too big to ignore the original 
target MS location estimate and confidence generated by the FOM . */ 

if (Mieof(ana) > pt_max_area) then /• create a bcjyp that is essentially a duplicate of the originally input "locjiyp" 
eicept the confidence is lowered by "(1.0 - cwsttrjatio Jactor)". Note that the original "locjiyp" will have its 
confidence computed below. */ 

{ newjocjyp <~ <M/oft(lx_hyp);//getacopyoftbe "locjiyp" 
new_bc_hypiroage_aiea <- NULL; // no image area for this new locjiyp 

/•Now modify toe confidence of "locjiyp"; note, in the one embodiment, a system fa tunable) parameter may also be 

used as a coefficient in modifying the confidence here. */ 

new Jocjypxonfidence <~ newjoc hypxonfidence • (IX - duster ratio factor) ; 

add jo _l'ist(loc_hyp_rist,new_loc_hyp); 

} 

1* Now compute the "\mage_am n field and a confidence that the target MS is in 
"image_area" */ 

hnage_du$ter_set <- get_ veriM_kc_s^dmrsJoj(fljiXja$; /• Note, this statement gets the verified location 
signature clusters lorwhidi the target MS point location estimates (for the First Order Model identified by 
"bc hypJOH ID") in u pt_est_bag" are approximations. Note that the set of MS location point estimates 
represented in "pt_est_bag" is defined as a 'clatter set hereinabove*/ 
image_area < - $et_area_(ommiitf\mwJ^j*t)i /* Note, in obtaining an area here that contains these verified 
location signature clusters, various embodiments are contemplated. In a first embodiment, a (minimal) convex hull 
containing these dusters may be provided here. In a second embodiment, a minimal covering of ceDs from the mesh 
for the FON identified by "locjrypj OM JD" may be used. In a third embodiment, a minimal covering of mesh cells 
may be used to cover the convex hull containing the dusters. It b assumed hereinbehrw that the first embodiment is 
used. Note, that this area is also denoted the "magi duster set are f as is described hereinabove. •/ 
a»c*_ft<loc_riypjmage_area, image_area); f* Make "image_area" the "image_area" field of "loc hyp". ♦/ 
f* In the following step, determine a confidence value for the target MS being in the area for "image_area". * / 
confidence <- confidence_adjuster(loc_hypiOMJD, imagearea, image jluster_set); 
/* In the following step, reduce the value of confidence if and only if the number of MS point location estimates in 
"pt_est_bag" is smaller than "mindusters" */ 
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. Jo?_ l !ypfl>i)fidtiioe <~ confidence fidiuter^ratb factor; 
RETU RM(loc_hypli$t); 

}ENDOf get_adjusted_ioc_hyp Jist Jor 
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confidence jidjusterfFOM JD, image_area, intage_cluster_set) 

r This function returns a confidence value indicative of the target NS 140 being in the area for "image_area". Note that the 
steps herein are also provided in flowchart form in Figs. 27a and 27b. 

RETURNS: A confidence value. This is a value indicative of the target NS being located in ttre area 
represented by °image_area H (when it is assumed that for the related "locjyp," the "duster set area" is the 
"hx_h)rp.pt_CDvering" and "k>c_byp.FOMJD" is "FOHJD"); 

Introductory Information Related to the Function, "confidence_adjuster" 
This function (and functions called by this function) presuppose a framework or paradigm that requires some discussion as well as 
the defining of terms. 

Define the term "mapped cluster density" to be the number of the verified location signature dusters in an 
"image duster set" per unit of area i n the "image cluster set area". 

It is believed that the higher the "mapped duster density", the greater the confidence can be had that a target MS actually 
resides in the "image duster set area" when an estimate for the target MS (by the present f OM) is in the corresponding "the 
duster set". 

Thus, the mapped duster density becomes an important factor in determining a confidence value for an estimated area of a 
target MS such as, for example, the area represented by "image_area". However, the mapped duster density value requires 
modification before it can be utilized in the confidence calculation. In particular, confidence values must be in the range [-1.1] 
and a mapped duster density does not have this constraint Thus, a "relativired mapped cluster density- for an 
estimated MS area is desired, wherein this relativized measurement is in the range [-1, + 1], and in particubr, for positive 
confidences in the range [0. !]. Accordingly, to alleviate this difficulty, for the FON define the term "prediction mapped 
cluster density" as a mapped duster density value, HQ, for the FOM and image duster set area wherein: 

(i) MCD is sufficiently high so that it correlates (at least at a predetermined likefihood threshold level) with the actual target 

MS location being in the "image cluster set area" when a FOM target MS location estimate is in the corresponding "duster 

set area"; 

That is, for a duster set area (e^ 1ocjyp.pt_covering") for the present FOM, if the image duster set area: has a mapped 
duster density greater than the "prediction mapped cluster density", then there is a high likelihood of the target MS being in the 
image cluster set area. 
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particular, it is assumed that for each area type, there is a likely range of prediction mapped duster density values that is 
substantially uniform across the area type. Accordingly, as discussed in detail hereinhdow, to calculate a prediction mapped 
duster density for a partkuhrarea type, an estimate is made of the correlation between the mapped duster densities of image 
areas (from duster set areas) and the likelihood that if a verified HS location: (a) lias a corresponding FOH HS estimate in the 
duster set, and (b) is also in the particular area type, then the verified HS location is also in the image area. 

Thus, if an area is within a single area type, then such a "relativized mapped duster density" measurement forthe area 
may be obtained by dividing the mapped duster density by the prediction mapped duster density and taking the smaller of: the 
resulting ratio and LO as the value (or the relativized mapped duster density. 

In some (perhaps most) cases, however, an area (e^, an image duster set area) may have portions in a number of area 
types. Accordingly, a "composite prediction mapped duster density" may be computed, wherein, a weighted 
sum is computed of the prediction mapped duster densities for the portions of the area that is in each of the area types. That is, 
the weighting, for each of the single area type prediction mapped duster densities, is the fraction of the total area that this area 
type is. Thuw "relativized composite mapped cluster density" for the area here may also be computed by 
dividing the mapped duster density by the composite prediction mapped duster density and taking the smaller of: the resulting 
ratio and 1.0 as the value for the relativized composite mapped duster density. 

Accordingly, note that as such a relativized (composite) mapped duster density for an image cluster set area 
increases/decreases, it is assumed that the confidence of the target HS being in the image cluster set area should 
increase/decrease, respectively. ♦/ 

{ 

prediction_mapped_duster_density <— 

get_composite_prediction _mapDed_cluster_density_with_high_certainty 

(FOM_IO,image_area); 

I* The function invoked above provides a "composite prediction cluster density" (le, dusters per unit area) that is 
used in determining the confidence that the target HS is in "image_area". That is, the composite prediction mapped 
duster density value provided here is: high enough so that for a computed mapped duster density greater than or equal 
to the composite prediction duster density , and the target HS FOH estimate is in the "duster set area", there is a high 
expectation that the actual target HS location is in the "image duster set area" . •/ 
max area <~pt_aaxjiteaJorJigb_amiiit){mj>, image_area); /» Get an area size value wherein it is highly 
likely that foran area of size, "max area", surrounding "image_area", the actual target HS is located therein. Note, 
that one skilled in the art will upon contemplation be able to derive various embodiments of this function, some 
embodiments being similar to the steps described for embodying the function, 

"get_com|»srtej>rediafon_map^ invoked ^ \ A % performing a Home 

Carlo simulation.*/ 
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. : /*ffirentheabwetwo.Y^ 
data. 

There are varioui embodiments that may be wed to determine a confidence for the "image area". In general, such a 
confidence should vary monotonically with (a) and (b) below; that is, the confidence should increase (decrease) with: 

(a) an increase (decrease) in the size of the area, partkuhrtyti the area is deemed dose or relevant to the location of 
the target HS; and 

(b) an increase (decrease) in the size of the image duster set (Le, the number of verified location signature clusters in 
the area that each have a location estimate, from the f ON identified by "FOHJD", in the "duster set" 
corresponding to the "image_duster_set;* tg, the "duster set" being a "loc hyp^it covering"). 

As one skilled in the art will understand, there are many f unctions for providing confidences that vary monotonically 
with (a) and(b)above. In particular, for the duster set area being "loc_hyp^_covering", one might be inclined to use the 
(area) size of the image duster area as the value for (a), and the (cardinality) size of the image duster set as the value for 
(b). Then, the following term might be considered for computing the confidence: 

(sizeoffimage duster set area) • (sizeof (image duster set)) which, in the present context, is equal to 
(sizeof("image_area") • (sizeof("image_duster_set")). 
However, since confidences are intended to be in the range [-I.IJ, a normalization is also desirable for the values 
corresponding to (a) and (b). Accordingly, in one embodiment, instead of using the above values for (a) and (b), ratios are 
used. That is, assuming for a "relevant" area, A (e.g„ including an image duster set area of "luc_hyp.pt_covering") that 
there is a very high confidence that the target HS is in A, the following term may be used in place of the term, 
sizeoffimagearea"), above: 

min { [sizeoff imagejuea") / sizeof(A)], 1.0 }. [CAM] 
Additionally, for the condition (b) above, a similar normalization may be provided. Accordingly, to provide this 
normalization, note that the term, 

(sizeoffimagearea) * prediction_mapped_duster_density) [CAI.U] 
b analogous to sizeof(A) in [CAM]. That is, the expression of [CAI.I.I] gives a threshold for the number of verified location 
signature dusters that are likely to be needed in order to have a high confidence or likelihood that the target HS is in the 
area represented by "hnagearea". Thus, the following term may be used for the condition (b): 
min {(sizeoffimageclusterset) / 

[(sizeofOmage_area) • predkiion_mapped_duster_density], 1.0} 

[CAI2] 

As an aside, note that 

sizeof(iniage_duster_set)/[sizeof(image_area) * prediction_mapped_du5terJensity] 
is equivalent to 

[s'izeof(image_duster_set) / s'ueof (image_area)] / (predictionmappeddusterjensity) 
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.^ u- ,, , > and this (^terterm may be imerpreted as the ratio.of- (i)v the mapped cluster density for- images-area^ to (ii)an 
approximation of a cluster density providing a high expectation that the target MS is contained in "image_area". 

Note that the product of [CAM] and [CAI2] provide the above desired characteristics for calculating the confidence. 
However, there is no guarantee that the range of resulting values from such products is consistent with the interpretation 
that has been placed on (positive) confidence values; e^., that a confidence of near 1.0 has a very high likelihood that the 
target MS is in the corresponding area. For example, it can be that this product rarely is greater than 0.8, even in the areas 
of highest confidence. Accordingly, a "tuning* function is contemplated which provides an additional factor for adjusting of 
the confidence. This factor is, for example, a function of the area types and the size of each area type in "imagearea" . 
Moreover, such a tuning function may be dependent on a "tuning coefficient" per area type. Thus, one such tuning function 
maybe: 

number of ana tvnti ■-——». 

min(S [tq * sizeof(area type; in w image_area w ) /srzeof ("image_area")], 1 .0) 

where tq is a tuning coefficient (determined in background or off-lire processing; eg., by a Genetic Algorithm or Monte Carlo 
simulation or regression) forthe area type indexed by V. 

Note that it is within the scope of the present invention, that other tuning functions may also be used whose values may 
be dependent on, for example, Monte Carlo techniques or Genetic Algorithms. 

It is interesting to note that in the product of [CAI.I] and [CAIJ], the "image_area" size cancels out. This appears to 
conflict with the description above of a desirable confidence calculation. However, the resulting (typical) computed value: 

[sizeoffimage dusterset)] / [maxarea * predidtanjnapped jiuster ^density] [CAI J] 
is strongly dependent on "imagearea" since "image_dusterjet" is derived from "image^area" and 
M prediction_mapped_cluster Jenshy" also depends on "image_area". Accordingly, it can be said that the product [CAI J} 
above for the confidence does not depend on "raw" area sue, but rather depends on a "relevant" area for locating the target 
MS. 

An embodiment of the confidence computation follows: 

•/ 

arearatio <- min((sueof(image_area) / max jrra), 1.0); 
duster_density_ratio <— 

min( ((sizeoffimage cluster set) /[sizeof(image_area) * (predktion_mapped_dusterJenshy)]), 1.0 ); 
tunable_constant < -~ get_confidence_wning_ consQnt(\m^jxn)\ //as discussed in the comment above 
confidence <- (tunab!e_constant) * (areajatio) * (cluster _density_ratio); //This is in the range [0, 1] 
RETURN(confidencB); 
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get_compositej>redi^ 

5 (FOM JD, imagearea); 

/• The present function determines a composite prediction mapped cluster density by determining a composite prediction 

mapped duster density fertile area represented by "image_area" and for the First Order Model identified by "FOM ID". The 

steps herein are also provided in flowchart form in fig. 2B. 

OUTPUT: composite^mapped^density This is a record for the composite prediction 
10 mapped clusterdensity. In particular, there are with two fields: 

(i) a "value" field giving an approximation to the prediction mapped cluster density for the First 
Order Model having id, f OH JD; 

(ii) a "reliability" field giving an indication as to the reliability of the "value" field. The reliability 
field is in the range [0, 1] with 0 indicating that the "value" field is worthless and the larger the 

15 value the more assurance can be put in "value" with maximal assurance indicated when "reliability" 

hl.V 

{ 

/» Determine a fraction of the area of "image_area" contained in each area type (if there is only one, e.g, dense urban or 
a particular transmission area type as discussed in the detailed description hereinabove, then there would be a fraction 
20 having a value of I for this area type and a value of zero for all others). */ 

composite jnapped Jensity<- 0; //initialization 

for each area jype intersecting "image_area" do // "area jype" may be taken from a list of area types . 
{ /* determine a weighting for "areajype" as a fraction of its area in "imagearea" */ 
intersection <— />7#/»fl(image_area, ara_Av(areajype)); 
25 weighting < ~ sizeof (intersection) / sizeof(area Jmage); 

/• How compute a prediction duster density that highly correlates with predicting a location of the target MS for this 
area type. Then provide this duster density as a factor of a we^hted sum of the prediction duster densities of each 
of the area types, wherein the weight for a particular area type's prediction duster density is the fraction of the total 
area of "image^area" that is designated this particular area type. Note that the following function all does not 
30 utifiie information regarding the location of "image jirea". Accordingly, this f unction may access a precomputed 

table giving predication mapped duster densities for (FOM JD, areajype) pairs. However, in alternative 
embodiments of the present invention, the prediction mapped duster densities may be computed sperificaliy for the 
area of u image_area" intersect "areajype". */ 
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composite jnappedjfensity <— compojhejnapped ^density + 

( weighting * predictionjrappedjensity); 

} 

RETU RN (composite _mapped_denshy); 
} ENDOF get_composite jnriictionrn^^ 

getj)rediction_mapped_cluster_densityJor(FOMJD, area_type) 
/• The present function determines an approximation to a predict ton mapped cluster density, D, for 
an area type such that if an image cluster set area has a mapped cluster density >= D, 
then there is a high expectation that the target MS 140 is in the image cluster set area. Note 
that there are a number of embodiments that may be utilized for this function. The steps herein are also provided in flowchart 
form in Figs. 29a through 29h. 

OUTPUT: predirtion_mapped_cluster jlensty This is a value giving an approximation to the 

prediction mapped cluster density for the First Order Hodel having identity, "FOM JD", and for the area type 
represented by "areajype" */ 

Introductory Information Related to the Function, 

w get_predication__mapped_cluster density for" 

It is important to note that the computation here for the prediction mapped cluster density may be more intense than 
some other computations but the cluster densities computed here need not be performed in real time 
target MS location processing. That is, the steps of this function may be performed only periodically (eg., once a week), for each 
FOM and each area type thereby precomputing the output for this f unction. Accordingly, the values obtained here may be stored in 
a table that is accessed during real time target MS location processing. However, for simplicity, only the periodically performed 
steps are presented here. However, one skilled in the art will understand that with sufficiently fast computational devices, some 
related variations of this function may be performed in real-time. In particular, instead of supplying area type as an input to this 
function, a particular area, A, may be provided such as the image area for a duster set area, or, the portion of such an image area in 
a particular area type. Accordingly, wherever "area Jype" is used in a statement of the embodiment of this function below, a 
comparable statement with T an be provided. 

{ 

mesh < — get_mah_ Av(FOM _ID); /» get the mesh for this First Order Model; preferably each all of "mesh" is substantially 
in a single area type.*/ 
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maximum number of simulations to perform for estimating the prediction mapped cluster 
density. Note that the output here may always be the same value such as 100. ♦/ 
nbr_simubtions_performed <~0;// initialization 

while (nbr_simulations_performed < = max j^r jimulations) do // determine a value for the "average mapped duster 
density 1 * and a likelihood of this value being predictive of an MS location. ♦/ 

{ 

representttive_cell_duste L set flt_npfBumat^a/idasiemJo^mjfft t mesh); /* Note, each activation 
of this function should provide a different set of cell clusters from a covering from -mesh" of an (sub)area of 
type, "areajype". There should ideally be at least enough substantially different sets of representative all 
dusters so that there is a distinct sets of cell dusters for each simulation number, j. Further note that, in one 
embodiment, each of the "representative cell duster sets" (as used here) may include at least a determined 
proportion of the number of cells distribated over the area type. Horeover,_each cell duster (within a 
representative cell cluster set) satisfies the following: 

A. The cell duster is a minimal covering (from "mesh") of a non-empty area, A, of type "area jype w ("A" 
being referred to herein as the associated area for the cell duster); 

B. The alls of the cluster form a connected area; note this is not absolutely necessary; however, it b preferred 
that the associated area "A" of "areajype" covered by the all duster have a "smaT boundary with other 
area types since the "image_areas w computed below will be less likely to include large areas of other area 
types than "areatype;" 

C There is at feast a predetermined minimal number (> = I) of verified location signature dusters from the 

location signature data base whose locations are in the associated area "A". 
D. The all duster has no cell in common with any other cell cluster output as an entry in 
M representative_all_cluster_set" . */ 
if (representative^all_duster^set is NULL) then /» another representative collection of cell dusters could not be found; so 
cease further simulation processing here, ablate return values and return */ 
break: //jump out of "simulation bop" 
ebe /* there is another representative collection of all dusters to use as a simulation */ 
{ 

for each cell duster, C, in ,< represcntative_alLdusten w do /* determine an approximation to the productiveness of the 
mappings between: (a) duster set areas wherein each clutter set area is an area around a (FONJD) FON 
estimate that has its corresponding verified location in V and (b) the corresponding image areas for 
these duster set areas. Note, the location signature data base indudes at least one (and preferably more) 
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«.v.*.^r*w.; signatirc-dusters baying verified locations in each cell cluster C as per the comment at (£) above.*.— - 
*/ 

{ randomjist <— r2admfy_sehxt_Yerified_MS_ba_^ select one or more verified US 

locations from L */ 
mapped_density_sum < - 0; // initialization 

for each verified location, "rand vcrif_loc , * t in "random Jisf do /• let X denote the MS 140 estimate by the 

present FOM of the verified location signature cluster of M rand_verifJoc w ; let CS(X) denote 
the cluster set obtained from the duster set area (he, pt_area) surrounding X; this loop 
determines whether the associated image area for the set CS(X) • X, (if, the image area for 
CS(X) without "randjrerifjoc") indudes "randverifloc"; Le„ try to predict the location 
area of "rand^veri^loc". */ 

{ loc_est <-get_foc_e#Joi{TwA_wr\lJot 9 FOM JD); /• get the FON MS location 
estimate for an MS actually located at "randverifloc". •/ 
cluster set <—pt_!oc_ ests_ surrounding j% mesh); f* expand about "loc_est w until a minimal 
number of other location estimates from this FOM are obtained that are different from 
"tocjsf, or until a maximum area is reached. Note, "clusterset" could be empty, but 
hopefully not Also note that in one embodiment of the function here, the following functions 
may be invoked: M get_min_area_surroundmg, H "get jnax_area_surrounding M and 
4, get_min - _nbr_of__clusters w (as in M get adjusted Joe Jypjist Jor", the second function 
of Appendix D): */ 

image_set <«- getjmp ^duster_set); /• "imagejet" could be empty, but hopefully not •/ 
imagejirea <~ getjmge_ j/ia(image_est); /* get convex hull of "image_set". Note, "image_area n 

could be an empty area, but hopefully not. */ 
if (randverifjoe is in image_area) 

then r this is one indication that the mapped cluster density: (sizeof[image_set]/image_area) is 
sufficiently high to be predictive */ 
predictions <~ predictions + I; 
if (image set is rot empty) then 
{ 

density < - sizeof(image set) /sizeof(image_area); f Get an approximation to the mapped duster 
density that results from "image_sef and "image_area." Note, that there is no 
guarantee that M image_area w is entirely within the area type of "areajype." Also 
note, it is assumed that as this mapped duster density increases, it is more likely that 
4t rndm_verif_loc w isin a image_area w . */ 
I7S 
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««.■. . - 2 ^m^Jmkjm f S,x- ^V^z^mjjam +.density;~ . • ... .... - . - 

} 

}/* end bop for predicting location of a random MS verified location in all duster C */ 
total_poBiblej)rediction$ < ~ weof(random liit); //One prediction per element on list 
/* Now get mragt mapped density for the cell cluster C •/ 
avg_mapped_dertsity[q <- napped Jerahysurn /totaljjossibb _predfctions; 
/* How get the prediction probability for the cell duster C •/ 
predict»nj>robability[q <~ predictions/ total Jossibfejaidfctions; 

}/* end loop over ceU dusters C in "representative_cell_chjsten" */ 

nbr_simubuons_perfoimed <— nl»_simulationsjierformed + I; 
} //end else 

/• It would be ma to me the set of pain (avLmapped.demity [q. predictiaii_p ro h a bility[q) for ertnpolating a mapped 
density value for the area type that gives a very high prediction probability. However, due to the potentially small 
number of verified MS locations in many cells (and cell clusters), the prediction probabilities may provide a very small 
number of distina values sudi as: 0. 1/2. and I. Thus, by averaging these pairs over the cell dusters of 
"represeirtative_cell_dusters-, the coarseness of the prediction probabilities may be accounted for. */ 

avgjnapped_dusterJensity[nbr_simulatioruj)erforrned] <~ 

ag_of_ ff/^«^<^^/w^te(avg_mapped_density); 
avgjirediaionjirol^lityfnbr simubtiorojierfonned] <— 

^/.ff/i/wdrt^ 

} /* end simulation loop */ 

r How determine a measure as to how reliable the simulation was. Note that "reliability" computed in the nut statement is in 
the range [0, 1]. •/ 

reliability <— nbramuhtionsjxrformed /maxnbrsimubtions; 
if (reliability < systemjefinedjpsibn) then /» simulation too unreliable; so use a default high value for 

"predtaion_mapped_dujter_density" •/ 
prediction_mapped_dusterJensity <- getJefauhJighJensity_value_for(area_type): 
else f* simulation appears to be sufficiently reliable to use the entries of "avg_mapped_duster_density" and 
"av^j>ndiction_probabiuy */ 



{ 



/» A more easily discernible pattern between mapped cluster density and prediction probability may be provided by the set 
of pairs: 

S = {(»«_ ra PI^_d«te^ 

having a high prediction probability (e*. 0.95) may be eitrapobted in the next statement However, if it is 
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„ • ... detennined (in the function) Jbatjtte set Sdoes not extrapolate well (due>. for example all ordered pain of S being 
dustered in a relativeljr small region), then a "HULL" value is returned. •/ 
prediaion_mapped_cJujter_den«ty <- mapped_dumrJeiuity_mr3pohtkn^gj^^jmmJtninf, 

avgj>redict»nj>robability, 0.95); 
if ( (predktion_mapped_tlujter_denjity = = NULL) then 

1* set this value to a default "high" value forrhe pretent =»™ 
predktio nmappedduste rdensity < - get_defauh_WghJensity_value_for(area_type); 
else //So both >edirionjrapped_duster_density" and it's reliability are minimally OK. 

r How take the "renabintr" of the "predictwnjnappeddimerjemhy" into account Accordingly, as the 
reliability deousestim the prediction mapped duster density should be increased However, there is a system 
defined upper limit on the value to which the prediction mapped duster density may be increased. The next 
statement is one embodiment that takes all this into account Of course other embodiments are also possible. 
*/ 

prediction_mapped_duster_density<-- 

mm {(predktwn_nrapped_dusttrjensity / reliability). 

get _default_high_density_value_for(are3_type)}; 
} // end else for simulation appearing reliable 

RnORN(predictionjnapped_duster_density); 

}ENDOFget_prcdiction_mapped_cluster_dcnsity_for 
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A Second Embodiment of the Context Adjuster. 

Note that in this second embodiment of the Context Adjuster, it uses various heuristics to irKrementflecrcment the confidence 
value of the location hypotheses coming from the Fust Order Models. These heuristics ate implemented using fuzzy mathematics, wherein 
Bnguistic f uzry Tf-then 0 rales embody the hcurrnks. That is, each fuzzy rule indudes terms in both the T and the "then" portions that are 
substantially described using natural language —lite terms to denote various parameter value classifications related to, but not equivalent to, 
probabffrty density functions. Further note that the Context Adjuster and/br the FOfTs may be calibrated using the location information 
from LBSs (iiL, fixed location BS transceivers), via the location Base Station Model since such LBS's have well known and accurate 
predetermined locations. 

Regarding the heuristics of the present embodiment of the context adjuster, the following is an example of a funy role that might 
appear in this embodiment of the Context Adjuster 

If <the season is Fall> then <the confidence level of Distance Model is increased by 5%> . 

In the above sample rub, "Distance Model" denotes a First Order Model utilized by the present invention. To apply this sample rub, 
the fuzzy system needs a concrete definition of the term b Fai D In traditional expert systems, the terra Fall would be described by a particular 
set of months, for example, September through November, in which traditional set theory is applied. In traditional set theoiy, an entity, in this 
ase a date, is either in a set or it is not in a set, e# hs degree of membership bi a set is eitter O t tndkating that the entity is not in a partiaihr 
set, or I, indicating that the entity is in the set However, the traditional set theory employed in expert systems does not fend itself well to 
entities that fall on set boundaries. For example, a traditional exprt system ©uH^^ 

than it could foradate of Septemberl because August3l might belong to the at "Summer 0 while the date September I might belong to the set 
°FalL" This is not a desirable behavior since it is extremely difficult if not impossible to determine such fines of demarcation so accurately. 
However, fuzzy mathematics allows for the possibility of an entity belonging to multiple sets with varying degrees of confidence ranging from a 
minimum value of 0 (indicating that the conf dence the entity belongs to the particular set b minimum) to I (indicating that the confidence the 
entity belongs to the particular set is maximum). The "fuzzy boundaries" between the various sets are described by fuzzy membership 
f unctions which provide a membership f unction value for each value on the entire range of a variable. As a consequence of allowing entities to 
belong to muhipb sett simultaneously, the fuzzy rub base might have more than one nib that is applicable for any situation. Thus, the actions 
prescribed by the individual rubs are averaged via a weighting scheme where each rub is implemented in proportion to its minimum 
confidence. For further infonnadon reganJing such fuzzy heuris&s, the foltowii^ references are iixorporated herein by reference; (McNeiland 
Freiberger, 1993; Cox, 1994; KTir and Folger, 1999; Zimmerman, 1991). 

Thus, the nibs defined in the fuzzy rub base in conjunction with the membership functions allow the heuristics for adjusting 
confidence values to be represented in a Fmguistic form more readily understood by humans than many other heuristic representations and 
thereby malting it easier to maintain and modify the rules, The fuzzy rub base with its membership functions can be tlwught of as an extension 
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traditionalexpert system, and ft 
an expert system. 

Abo, these heuristics may evolve overtime by employing adaptive mechanisms including, but not limited to, genetic algorithms to 
adjust or tune various system values in accordance with past experiences and past performance of the Context Adjuster for increasing the 
accuracy of the adjustments made to location hypothesis confidence values. For example, in the sample rule presented above: 

If <tht season is Fafl> then < the confidence level of Distance Model is increased by 5%> 
an adaptive mechanism or optimization routine can be used to adjust the percent increase in the 
example^ accessing themSto^ 

the location hypotheses are consistent with a majority of the verified US locations. In this way, the Context Adjuster is able to employ a genetic 
algorithm to improve its performance overtime. For further information regarding such adaptive mechanisms, the following references arc 
incorporated herein by reference: (Goldberg, 1989; Holland, 1975). For further information regarding the tuning of fuzzy systems using such 
adaptive mechanisms, the following references are incorporated herein by reference: (Karr, 1 991a, 1991b). 

In one embodiment, the Context Adjuster alters the confidence values of location hypotheses according to one or more of the folkrwir^ 
environmental factors: (I) the type of region (e^derreu 

operational status of base stations (e* n on-fine or off-fine), as well as other environmental factors that may substantially impact the 
confidence placed in a location hypothesis. Note that in this embodiment, each environmental fetor has an associated set of linguistic 
heuristics and associated membership functions that prescribe changes to be matte to the confidence values of the input location hypotheses. 
The context adjuster begins by receiving location hypotheses and associated confidence levels from the Fust Order Models. The Context 
Adjuster takes this information and improves and refines it based on environmental information using the modules described below. 

B.I COA Calculation Module 

As mentioned alxw each tacafcn hypo 

associated confidence value, a. The CQA ctkuhtion module determines a centtrof area (CDA) for.each of the geometric shapes, if such a COA is 
not already provided hi a location hypothesis. The CQA Calculation Module receives the foBowing information from each First Order Model: (I) 
ageonmrkal shape and (2)an associated an^ 

{numerical al^rithms are nadily avaibbie). Thus, foUowir^ thh step^eadi location typotbesis indudes a COA as a single point that b 
assumed to represent the most ffely appnaimationoftheloatbnoftte 

the funification module: (I ) a geometrical shaf« associated with each first order model 1224,(1) an assodatedconfKfena value, and (3) an 
associated CQA. 

B2 Fuzzrficatbn Module 
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^. .-, ^ 

toOrder Model, (2)an associated 

memtwsbip function value (y) for each of the M location hypotheses reared from the COA calculation module (when die individual models 
ait identified with an i index) for each of the N environmental boon (identified wtth a j index). In addition to the information received from 
5 the CDA Cakuiation Hodule.ttie FuzzTicatioa Module reams infonnation fromtne Location Center Supervisor, fhefuinfication module uses 
curnmeiivironrritinalinfornBtBns^ 

communicating with the MS associated with a location hypothesis currently being processed (this information may include, but is not limited to, 
ttewrriterof case satans of a gw^ 

man area about the COA fora location hypothesn). The base station coverage infonnation b used to compute a percentage of base stations 
10 reporting for each location hypothesis. 

The fuzzffiotion b achieved in the traditional fashion using funy membership functions for each environmental factor as. for example, is 
described in the following references incorporated herein by reference: (McNeil and freiberger. 1993; Cox, 1994; Kfirand folger, 1999; 
Zimmerman, 1991). 

Using the geographical area types for illustration purposes here, the following procedure might be used in the Fuzzifiation Module. Each 
15 value of COA for a hxauon liypathesis is used to compute membership function values fri) for each of five types of aieas: (I) dense urban 
(Mm), (2) urban (fj ti ),Q) suburban (tij), (4) rural plaint), and (S) roraliwuntams (//„,). These membership function values provide 
the mecnamOTfwrepiesenting degrees of r^ 
seobned off. In accordance wto 

areas; dense urban and rural plane areas; dense nrbar^ urtan, ami rand plane areas, etc Thus fo 
20 (described by a COA), it may be both dense urban and urban at tie same time. The resotuobn of any apparent conflict in applicable rues is 
later resolved in the Defumfeation Module using the fuzzy membership function values (jj) computed m the f unification Module. 
AnyparticularvaluerfaCOAeanludmrm^ 
sone cases a lor^n hypotlesB f or a panicu^ 

aD potentially have non-zero values. Additionally, each geographical area is contoured. Note that the membership function contours allow for 
one distinct value of inembenhipfujiction to bedetermined foreachCOA location fie, there wintedistinctvalues ofp^ /iu^^.and 
//w'foranysmgleCOAvalueassoc^ For example, the COA would hare a dense urban membership function 

vahje,/i BU ',equaltoaS. Similar contours would be used wronroutt values of /Uu^j./V.and^B,'. 
Thiis.foreachtm.tterenwexiscanarrayorseriesof membership function values; there are K membership function values (K = number 
of descriptive terms forthe specified environmental factor) for each of M First Order Models. Each COA calculation has associated with ita 
definitive value for^a,', M,'.Ps'./V. »«W Taken collectively, the H location hypotheses with membership function values for the K 
descriptive terms for the particular environmental factor results in a membership function value matrix. Additionally, similar membership 
function values are computed for each of the K environmental factors, thereby resulting in a corresponding membership function value matrix 
for each of the N environmental factors. 
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information it originally received from the COA Calculation Module. 
B 3 Rule Base Module 

The Ride Base Module receives from the Fuzzification Module the following information: (I) a geometrical shape associated with each Fir* 
Order Model, (2) an associated confidence value, (3) an associated COA, and (4) N membership function value matrices. The Rule Base Module 
uses this information in a manner consistent with typical funy rule bases to determine a set of active or applicable rules. Sample rules were 
provided in the general discussion of the ContExt Adjuster. AdditionaBy, references have been supplied that describe the necessary 
computations. Suffice it to say that the Rule Base Modules employ the information provided by the Funifotbn Module to compute confidence 
value adjustments for each of the m location hypotheses. Associated with each confidence value adjustment is a minimum membership 
function value contained in the membership function matrices computed in the Funifkation Module. 

For each location hypothesis, a simple inference engine driving the rule base queries the performance database to determine how wefl the 
location hypotheses for the first Order Model providing the current location hypothesis has performed in the past (for a geographic area 
surrounding the MS [oation estimate of ttie current location hypothesis) under the present environmental conditions. For example, the 
performance database is consulted to determine how wefl this particular Fust Order Model has performed in the past in looting an MS for the 
given time of day, month of year, and area type. Note that the performance value is a value between 0 and I wherein a value of Oimlicates 
that the model is a poor pert onner f while a value of I tndkates that the model h alw^s (or aibstantialty always) annate in detennming an 
MS location under the conditions (and in the area) being considered These performance values are used to compute values that are attached to 
the current confidence of the current location hypothesis; these performance values serve as the "then" sides of the fuzzy rules; the First 
Order Models that have been effective in the past have their conTidena! bveb incremented by large amounts white First Order Models that have 
been ineffective in the past have their confidence levels incremented by small amounts. This information is received from the Performance 
Database in the form of an environmental factor, a Fnst Order Model number.and a performance value. Accordingly.an intermediate value for 
the adjustment of the confidence value for the current location hypothesis is computed foreach environmental condition (used by Context 
Adjuster) based on the performance value retrieved from the Performance Database. Each of these intermediate adjustment values are 
computed according to the following equation which is applicable to area information: 

adjustment- = Da* = perfonrance_valu^ * Da^** 

wherea is the confidence value of a particular location hypothesis, performarwjvaliie is the value obtained from the Performance Database, 
DaffiM isasystemparametertaacttuntsfor Furthermore, 
thb parameter is tintially provided ly an operator in. for example, a system start-up configinatbn and a reasonable value for this parameter is 
believed to be in the range 0J)5 to 0.1, the subscript j represents a particular environmental <actor,andthe superscript i representsa particular 
First Order ModeL However, it ban important aspect of the present invention that this value can be repeatedly altered by an adaptive 
mechanism such as a genetic algorithm for improving the MS location accuracy of the present invention. In this way, and because the rules are 
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m&**. I?N»R inlopation in tht perfonnaas Oatahase,the Rule Kodak b dynamic and becomes more v«- 
accurate whh tins. 

The Ride Base Koduk passes die matrix of adjustments to the Defoliation Module along whh the membership (unction value matrices 
received from the FunHkabon Koduk. 
B.6 Defuzzhlcation Module 

The Denazification Koduk receives the matrix of adjustments and the membership function value matrices from the Ruk Base Koduk. The 
final adjustment to the First Order Model confidence values as computed by the Context Adjuster b computed according to: 



A a 'j(k) = ^ 



i-t 



such as, but not limbed to, time of day, month of year, and base station coverage, there are a number of system start-up configuration 
parameters that on be adjusted in attempts to improve system performance. These adjustments are, in effect, adjustments computed 
depending on the previous performance values of each model under similar conditions as being currently considered. These adjustments are 
suimwdandforwanfedtotfebfadd^ adjustments in 

confidence values for each of the First Order Models based on environmental factors and COA values associated with each location hypothesis. 
Summary 

The Context Adjuster uses environtnental factor information and past performance information for each of i First Order Models to compote 
adjustments to the current confidence values. It retrieves information from tfae Rnt Order Modeh. imeiacis with the Supnvisor and the ' 
Performance Database, and computti adjustments to the corrfidem vaiues. Further.the Context Adj^r employs a genetic algorithm to 
imprtrve the accuracy o(hs calculations. Thealgorithmforthe&inenAd^ 
Algorithm BE.B: Pseudocode for the Context Adjuster. 
Context_Ad juster (geometries, alpha) 

r This program impfements the Context Adjuster. It receives from the First Order Modeh geometrkareas contained in adata structure called 
geometries, and associated confidence values contained m an array GiBed alrjta. The program used environmental information to compute 
intfiroved numeral It places the improved values m the arrayed 

ths process. 

*/ 

//pseudocode for the Context Adjuster 

// assume input from each of i modeh includes a 

// pographical area described by a number of points 
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.^a<o^ : . ... ...... ^ v ..^ 

//that if it is 0.0 then the model is absolutely 
// sure that the MS is not in the presaribGd area; 
// if it is I J) then the model is absolutely 
//sure that the HJ is in the prescribed area. 

//calculate the center of area /breach of the i model areas 
fori = I to mimberjrfjnodeb 
calculate center of area //termed coa(i) from here on out 
// extract information from the "outside world" or the environment 
find time jofjby 
find month_of_year 
find mimber_of_BS_aYailabte 
find mimberjjfJIS jeporting 

//calculate percent ^coverage of base stations 
peicemjoverage = 100.0 * (number^BS^reporting / number _of JSavailable) 

//use these / = 4 environmental factors to compute adjustments to the i confidence values 
//associated with the i models - alphafi) 
fori = ltonumber_of_models //boponthemimberof models 
forj = I to number jnvjactors //bopon the number of environmental factors 
fork= I to number j>fjuzzy_dasses // loop on the number of dasses 
// used for each of the environmental 
//factors 

// calculate mu values based on membership function definitions 
calculate mufyjc) values 

//go to the performance database and extract current performance information for each of the i 

//models, in the k fuzzy classes, for the j environmental factors 
fetch performance^) 




deltaalpbafyjc) = performancB(i t jJc) « deha_alpha_raax(j) 
// deha_a!pha_max(j) is a maximum amount each environmental 
// factor can alter the confidence value; it is eventually 



183 



WO 98/10307 

//determined bf a genett^rithm 



PCT/US97/15892 



// compute a weighted average; this is traditional fuzzy mathematics 
delta^alphaCgjc) = sumfmufg.k) * deto^alphafyjc) /somfmuftjc)] 

end bop on k //number of fuzzy dam 

compute final dekajalpha values 

deta_alpha(i) = $um[delta_alplB(ij)] 

end bop on j // number of environmental factors 
a| p ha(i) + = delta_alpha(i) 
end bop on i //number of models 

//send alpha values to blackboard 
send detta_alpha(i) to blackboard 

//see Hit is time to interact with a genetic algorithm 
tf(in_progrws) 

then continue to calculate alpha adjustments 
else 

oil the genetic algorithm to adjust alpha_nax parameters and mu functions 
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APPENDIX E: Historical Data Confidence Adjuster Program 

Historical_data_conftdence M adjuster(loc M hyp) 

t* IK* fu "riM adju^ the confidence of location hypothesis, TocJVP". according to how well its location signature cluster fits with verified 
location signature duster* in the location signature data hast */ 

{ 

mesh < — ^ /wriA^ ^/(kMr hjrp/OM JD); // each FOM has a mesh of the Location Center service area 

©wring <-&_mh_aminz^of ^est^ /* get the cells of "mesh" that minimally cover the most 

pertinent target MS estimate in Tocjyp". •/ 
total jerjmiterror < — 0; //initialization 

for each cell, Qof "covering" do/* determine an error measuremem between signature dusterof "locjiyp" and 

the verified location signature clusters in the cell */ 

{ 

centroid <~ get_aimi4f)\ 

errorobj <~ DB_lx>c_Sig^Error_Fit(centroid, C, loc^hypJoc sig duster, "USE AIL LOC SIGS IN 

OB"); 

/* The above function call computes an error object, "errorobj", providing a 
measure of how similar the location signature duster for "loc Jiyp" is with the verified 
location signature dusters in the location signature data base, wherein the verified 
location signature dusters are in the area represented by the cell, C See APPENDIX C 
for details of this function.*/ 
total j*rjinit_error <— total_per_unit_error + [error_obj^rror*error_objjMnfidence/sizeof(q]; 
/* The above statement computes an "error per unit of cell area" term as: 
[error_obj.enor * errorobjxonfidence /sizeof(C)] t wherein the error is the term: 
error obj^ rror * error_objxonfidence. Subsequently, this error per unit of cell 
area term accumulated in "total jehtive_error* */ 

} 

avg^per_unit_error <- tirtaljjer_unit_error/nbr_cells_in(raesh); 

/* Now get a tunable constant, "tunabtejonstant", that has been determined by the Adaptation Engine 1382 

(shown in Figs. 5, 6 and 8), wherein "tunabfe_constant" may have been adapted to environmental characteristics. */ 
tunable_constant <~get_ tuimbfe_ w/zna^^^HistorialJoatbnJeasoner", loc Jyp); 

/* Now decrement the confidence value of "locjiyp" by an error amount that is scaled by "tunable^constant" 

V 
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}EN00F Hrstorical_data_confidence_adjuster 
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What is chimed is 

I. A method for locating wireless mobile stations using wireless signal measurements of wireless signals transmitted between said 
wireless mobile stations and a network of base stations, wherein said base stations in the network are cooperatively finked for 
providing wireless communications with said wireless mobile stations, comprising: 

providing a pluraHty of mobile station location estimators, wherein said location estimators provide location estimates of said 
mobile stations when said location estimators are supplied with location information derived from wireless signal measurements of 
wireless signals transmitted between said mobile stations and the network of base stations; 

generating, by a first and a second of said location estimators, respectively, first and second different initial location estimates 
of a particular one of said wireless mobile stations, using location information derived from wireless signal measurements of wireless 
signals transmitted between said particular mobile station and the network of base stations; 

determining: 

(a) first confidence data for a first location hypothesis of said particular mobile station, wherein: 

(i) said first location hypothesis provides one of: said first initial location estimate from said first location 
estimator, and a Tint successive location estimate of said particular mobile station, said first successive 
location estimate derived using said first initial location estimate, and 

(it) said first confidence data is indicative of a likelihood of said particular mobile station being at a location 
represented by said first location hypothesis; and 

(b) second confidence data for a second location hypothesis of said particular mobile station, wherein: 

(i) said second location hypothesis provides one of: said second initial location estimate from said second 
location estimator, and a second successive location estimate of said particular mobile station, said 
second successive location estimate derived using said second initial location estimate, and 
(n) said first confidence data is indicative of a likelihood of said particular mobile station being at a location 
represented by said first location hypothesis; 
deriving a most likelihood location estimate of said particular mobile station, said most likely location estimate being 
dependent on each of: said location estimates of said first and second location hypotheses, and, values of said first and second 
confidence data. 

1 A method as claimed in Qaim I, wherein said wireless signal measurements are from wireless signals communicated between said 
particular mobile station and said network of base stations using an identical communication standard as used when said network of 
base stations provide wireless communications with said particular mobile station for a purpose different from estimating a location 
of said particular mobile station. 

3. A method as claimed in Claim 2, wherein said different purpose is one of: providing voice communication, and providing visual 
communication. 

4. A method as chimed in Claim 2, wherein said communication standard is for one of CD HA and TDMA. 
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■ 5 - A "^.a* ^im^ jnOairal, wtrereia aid wireless signal measurements an from wireless signals communicated between said' - 
particular mobile station and said network of base stations using an communication protocol for providing wireless voice 
communications between said network of base stations and said particular mobile station. 

6. A method as claimed in Claim I, wherein said wireless signal measurements of wireless signals communicated between said 

5 particular mobile station and said network of base stations are included in measurements capable of being determined for voice 
communication with said particular mobile station. 

7. A method as claimed in Claim I, wherein said wireless signal measurements include at least one of: (a) a measurement of a signal 
strength of wireless signals detected by said particular mobile station and transmitted by one of said base stations, and (b) a 
measurement of a signal time delay of wireless signals detected by said particular mobile station and transmitted by one of said base 

10 stations. 

8. A method as claimed in Claim I, wherein said step of providing includes: 

transmitting through a telecommunications network, said first location estimator from a source site to a site having said 
second location estimator; 

operaWy integrating said first location estimator with said second location estimator for performing said steps of determining 
15 and deriving. 

9. A method as claimed in Qaim 8, wherein said step of transmitting includes sending an encoding of said first location estimator 
using the Internet. 

10. A method as claimed in Claim I. wherein said step of determining includes retrieving historical location data related to said first 
initial location estimate and said second initial location estimate, wherein said historical location data includes: 

20 (al) location estimates by said first location estimator for some of said mobile stations at a first plurality of locations, and 

data identifying said locations of said first plurality of locations; 
(bl) location estimates by said second location estimator for some of said mobile stations at a second plurality of locations, 
and data identifying said locations of said second plurality of locations; 
wherein said first successive location estimate is determined using said historical location data of (al), and said successive estimate is 
23 determined using said historical location data of (bl). 

1 1 . A method as claimed in Claim I, wherein said step of determining includes first selecting a first set of one or more location 
estimates of said mobile stations also output by said first location estimator, wherein said one or more location estimates are 
determined according to, at least, a proximity of said one or more location estimates to said first initial location estimate. 

12. A method as claimed in Qaim II. wherein said step of first selecting includes selecting said first set according to a function of a 
30 distance between said first initial location estimate and at feast one of said location estimates of said first set. 

13. A method as claimed in Claim 1 1, wherein each location estimate of said first set of location estimates has corresponding location 
data identifying a location of one of said mobile stations for which said location estimate estimates the mobile station's location, 
wherein the identified location has been verified. 
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previously identified locations, wherein each said previously identified location: 

(a) has a corresponding location estimate in said first set, said corresponding location estimate being for a corresponding one 
of said plurality of mobile stations, and 
5 (b) is approximately a location of the corresponding mobile station when said location information, derived from wireless 

signal measurements of transmissions between the corresponding mobile station and said network, was initially 
provided to said first location estimator for outputting said corresponding location estimate. 
IS. A method as claimed in Claim 14, wherein said step of determining indodes first calculating said first successive location estimate 
of said particular mobile station from said first initial location estimate using said one or more previously identified locations. 
10 16. A method as claimed in Claim 15, wherein said step of first calculating includes determining said first successive location 
estimate as a f unction of a convex bull of said one or more previously identified locations. 

17. A method as claimed in Claim IS, wherein said step of determining indodes first computing a first value of said first confidence 
data for said particular mobile station being at a location represented by said first successive location estimate, wherein said first 
value is a function of at least one of: (a) a value related to a density of said one or more previously identified locations for said first 

15 successive location estimate, and (b) a value related to a she of an area for said first successive location estimate. 

1 8. A method as claimed in Qaim 17, wherein for said second successive location estimate the following steps are performed: 

(a) second selecting a second set of one or more location estimates of said mobile stations output by said second location 
estimator, wherein said location estimates of said second set are determined according to, at least, a proximity of said 
location estimates in said second set to said second initial location estimate; 

20 (b) second obtaining a second collection of one or more previously identified locations, each said previously identified location: 

(i) having a corresponding location estimate in said second set for a corresponding one of said plurality of mobile 
stations, (ii) is approximately a location of the corresponding mobile station when said (nation information, derived 
from wireless signal measurements of transmissions between the corresponding mobile station and said network, was 
initially provided to aid second location estimator for outputting said corresponding location estimate; 

25 (c) second calculating said second successive estimate of said particular mobile station, wherein said second successive 

estimate is a function of said one or more previously known locations of said second collection; and 
(d) second computing a second value of said second confidence data for said particular mobile station being at a location 
represented by said second successive location estimate, wherein said second value is a function of at feast one of: (a) a 
value related to a density of said one or more previously identified locations of said second collection, and (b) a value 

30 related to a size of said second successive location estimate. 

19. A method as claimed in Claim 1 1, wherein said first confidence data includes a data field for a value indicative of said particular 
mobile station being in an area, wherein said area is determined as a function of said first set of location estimates. 

20. A method as claimed in Claim I , wherein said first confidence data indudes a data field for a value indicative of said particular 
mobile station not being in an area represented by said first location hypothesis. 
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- ...A!* « ctoi^inpairo I. wherein said first and second niitial loatbn estimates are derived using location infonnation^ 
obtained from a common collection of wireless signal measurements of wireless signals transmitted between said particular mobile 
station and the network of base stations. 

21 A method as claimed in Claim I, wherein said step of generating includes first computing said first initial location estimate using 
said location information obtained from a first collection of said wireless signal measurements, and second computing said second 
initial location estimate using said location information obtained from a second collection of said wireless signal measurements 
different from said first collection. 

23. A method as claimed in Claim 22, wherein said first collection of said wireless signal measurements are for wireless signals 
transmitted between said particular mobile station and the network of base stations in a first time interval, and said second collection 
of said wireless signal measurements are for wireless signals transmitted between said particular mobile station and the network of 
base stations in a second time interval, wherein said first time interval precedes said second time interval. 

24. A method as daimed in Claim 23, wherein said step of determining includes extrapolating said first successive location estimate 
using said lint initial location estimate so that said first successive location estimate is expected to be for a time period 
approximately identical to said second time interval. 

25. A method as claimed in Claim I, further including: 

performing a first simulation for predicting a likelihood of said particular mobile station being at a location represented by 
said first location hypothesis, wherein said simulation uses associated pahs of location representations, a first member of each pair 
including a location estimate obtained from said first location estimator and a second member of the pair including a representation 
of an actual location of one of said mobile stations for which said first member is a location estimate; 

wherein said step of determining uses a result from said step of performing for determining said first confidence data. 

26. A method as daimed in Cbim 25, further including: 

performing a second simulation for predicting a likelihood of said particular mobile station being at a location represented 
by said second location hypothesis, wherein said simulation uses associated pairs of location representations, a first member o( each 
pair including a location estimate obtained from said second location estimator and a second member ol the pair including a 
representation of an actual location of one of said mobile stations for which said first member is a location estimate; 

wherein said step of determining uses a result from said step of performing for determining said second confidence data. 

27. A method as daimed in Claim 25, wherein said first simulation is performed at a time outside of a time interval for performing the 



28. A method as daimed in Claim 25, wherein said first simulation indudes a statistical simulation. 

29. A method as claimed in Claim 25, wherein said first simulation includes a Home Carlo simulation. 

30. A method as daimed in Claim I. wherein at least said first and second location estimators each utilize a different one of the 
following: 

(a) a pattern recognition location estimator for estimating a location of said particular mobile station by recognizing a 
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estimator to team an association between each location of a plurality of geographical locations and corresponding 
instances of said location information related to the wireless signal measurements of wireless transmissions with one 
of said mobile stations at the location; 

(c) a triangubtion location estimator for estimating a location of said particular mobile station by triangulating on 

measurements of said location information, wherein said measurements are determined from the wireless signal 
measurements of wireless transmissions between said particular mobile station and at least three of the base 
stations of said network; 

(d) a statistical location estimator for estimating a location of said particular mobile station by applying a statistical 

regression technique; 

(e) a mobile base station estimator for estimating a location of said particular mobile station from location information 

received from a mobile base station detecting wireless transmissions of particular first mobile station; 

(f) a coverage area location estimator for estimating a location of said particular mobile station by intersecting wireless 

coverage areas corresponding to each of a plurality of the base stations of said network; 

(g) a negative logic location estimator for estimating where said particular mobile station is unlikely to be bated. 
3 1 . A method as claimed in Claim I , wherein at least said first location estimator includes one of the following: 

(a) an artificial neural network for generating said first initial location estimate by training said artificial neural network 

to recognize a pattern of characteristics of said location information associated with a location from where said 
particular mobile station is transmitting; 

(b) a distance estimator for generating said first initial location estimate by determining one or more distances between 

said particular mobile station and the base stations, wherein signal timing measurements, obtained from said 
wireless signal measurements of wireless transmissions between said particular mobile station and one or more base 
stations of said network, are used for determining said one or more distances; 

(c) a statistical estimator for generating said first initial location estimate by applying to said location information one of 

the following statistical techniques: principle decomposition, least squares, partial least squares, and BoDenger Bands. 
3L A method as claimed in Claim 31, wherein said second location estimator includes a different one of said artificial neural network, 
said distance estimator, and said statistical estimator for generating said second initial location estimate. 

33. A method as claimed in Claim 3 1 B, wherein said distance estimator estimates the location of said particular mobile station by one 
of: a signal time of arrival and a signal time difference of arrival 

34. A method as claimed in Claim I, wherein said first location estimator includes an artificial neural network, wherein said artificial 
neural network is one of: a multilayer perceptron, an adaptive resonance theoy model, and radial basis function network. 

35. A location system as daimed in Claim I, wherein said first location estimator includes an artificial neural network with input 
neurons for receiving location information data related to wireless signal time delay measurements of signal strength for wireless 
transmissions between said particular mobile station and a first collection of base stations from said network. 
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- 36. A method ^dairaed ip Cbim 35, wherein for each base station m aid first collectron, said wireless transmbsiorototween the * . 
base station and said particular mobile station are detected by one of: the base station and said particular mobile station. 

37. A method as claimed in Claim I, wherein said first estimator includes an artificial neural network with input neurons for receiving 
data related to wireless transmissions between said particular mobile station and a set of one or more of said base stations, wherein 

5 for each base station in said set, there is at least one said input neuron for receiving one or more values indicative of at least one of 
the following conditions: 

(a) the base station is active for wireless communication with said particular mobile station and a pilot signal by the base 

station is detected by the particular mobile station; 

(b) the base station is active for wireless communication with said particular mobile station and the base station detects 
10 wireless transmissions by said particular mobile station; 

(c) the base station is active for wireless communication with said particular mobile station and the base station does not 

detect wireless transmissions by said particular mobile station; 

(d) the base station is active for wireless communication with said particular mobile station and said particular mobile 

station does not detect wireless transmissions by the base station; 
15 (e) the base station is not active for wireless communication with said particular mobile station. 

38. A method as chimed in Claim I, wherein said first and second location estimators are different artificial neural networks. 

39. A method as claimed in Claim 38, wherein said first location estimator receives wireless signal time delay measurements of signal 
strength for wireless transmissions between said particular mobile station and a first collection of base stations from said network, 
and said second location estimator receives wireless signal time delay measurements of signal strength for wireless transmissions 

20 between said particular mobile station and a different second collection of base stations from said network wireless signal 
measurement!. 

40. A method as claimed in Claim I, wherein said step of deriving includes combining values of said fir* and second confidence data 
when said first and second location hypotheses have location estimates of said particular mobile station that overlap. 

41. A method as claimed in Claim I, wherein said step of deriving includes combining the values related to: (a) a first likelihood 
25 measurement, of said first confidence data, for said particular mobile station being at a location represented by the first location 

hypothesis, and (b) a second likelihood measurement, of said second confidence data, for said particular mobile station being at a 

location represented by the second location hypothesis. 

41 A method as claimed in Claim 41, wherein said step of deriving includes: 

determining one or more subareas of a wireless coverage area containing location estimates of said first and second location 
30 hypotheses; 

determining, when said first and second location hypotheses have location estimates that overlap in a first of said subareas, a 
third likelihood measurement for substantially all of said first subarea, wherein said third Bkelihood measurement is a function of 
said first and second likelihood measurements. 
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, 43* A method as (fejmcd/in Oaim 42, wherein said.f unction jncludcs an addrtion of terms haying said first and mnd.JM||^ 7 ... 4(a 
measurements. 

44. A method as claimed in Claim I, wherein said step of deriving includes 0, of said first confidence data, for said particular mobile 
station being at a location represented by the first location hypothesis; 

wherein said step of funifying performs a function for distributing a decreased value of said first likelihood measurement to 
locations outside of a location estimate for said first location hypothesis. 

45. A method as claimed in Claim 44, wherein said function includes a sigmoid term. 

46. A method as claimed in Claim l v further including an expert system for activating said first location estimator for outputting said 
first initial location estimate. 

47. A method as chimed in Claim 46, wherein said first location estimator is activated by one of: an antecedent of an expert system 
rule, and a consequent of an expert system rule. 

48. A method as daimed in Oaim I , further including a step of determining whether to modify one of: said first location hypothesis, 
and said first confidence data according to at least one of: 

(a) an expected maximum velocity of said first mobile station; 

(b) an expected maximum acceleration of said first mobile station; 

(c) a predicted location of said first mobile station; 

(d) an expected wireless signal characteristic of an area containing said first location hypothesis; and 

(e) an expected vehicle route. 

49. A method as claimed in Claim 48, wherein said step of determining whether to modify includes activating one or an expert system, 
a f uzzy rule inferencing system and a blackboard daemon. 

50. A method as chimed in Claim I , further including a step of storing historical mobile station location data for access during said 
step of determining, wherein said step of storing includes the following substeps: 

(a) storing, for each location of a plurality of mobile station locations, a corresponding collection of wireless signal 

measurements of wireless signals transmitted between one of said mobile stations and the base stations of said 
network, wherein said one mobile station resides substantially at said location when said wireless signals are 
transmitted; 

(b) storing, for each location of said plurality of mobile station locations, a corresponding set of location estimates, wherein 

for each of said mobile station location estimators and each said set of location estimates, there is a location estimate 
of said set that is generated by said mobile station location estimator; and 
(b) storing, for each of said stored location estimates, corresponding identification data for identifying a corresponding 
particular one of said locations of said plurality of mobile station locations, wherein said corresponding identification 
data accurately identifies said particular location. 

51. A method as claimed in Oaim 50, wherein for at least a first of said corresponding collections of wireless signal measurements, 
there is an associated confidence value used for indicating a consistency of the corresponding collection with other of said 
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location for said first corresponding collection. 

SI A method as chimed io Claim 5 1 further including a step of changing said associated confidence value when there is a deviation 
between said first corresponding collection deviates and said other corresponding collections by more than predetermined amount, 
wherein said deviation is determined using a statistical measurement of deviation. 

53. A method as claimed in Claim 52, wherein said statistical measurement of deviation includes a standard deviation measurement 

54. A method as claimed in Claim 52 further inchidine a means for pnihibtting said first corresponding collection from use in said step 
of determining when said associated confidence value is outside of a predetermined range. 

55. A location system for receiving measurements of wireless signals transmitted between a plurality mobile stations and a network of 
base stations, wherein said base stations in the network are cooperatively finked for p^ 

improvement characterized by: 

a plurality of different location estimators for estimating locations of aid mobile stations, such that when said location 
estimators are supplied with said measurements of wireless signals transmitted between one of the mobile stations and said network 
of base stations, said tatmnestmiatonoiit^ 
15 station; 

anarchWeforstoringaplurafhyofdataitemcoto^ 
is one of said data item collections having: 

(al) a representation of the geographical location, 

(a2) a set of said wireless signal measurements corresponding to one of said mobile stations transmitting from 
20 approximately the geographical location 

(a3) for each location estimator of said plurality of location estimators, a corresponding initial location estimate 
generated when said set of said wireless signal measurements is supplied to said location estimator; 
a means for constructing, for each of said location estimators, corresponding prediction measurements indicative of an historical 
accuracy of said location estimator, wherein for each said prediction measurement, there is 

(bl) a corresponding selected group of said data hem collections used in determining said prediction measurement, 
(b2) a collection of mappings, wherein each said mapping is an association between: (i) one ol said corresponding 
mobile station initial location estimates generated by said location estimator using said wireless measurements of 
one of said data item collections in said selected group, and (ii) the geographical location of the data hem 
collection; 

a means for determining, for an identified one of said mobile stations, a plurality of location hypotheses, wherein for each said 
location hypothesis: 

(cl) said location hypothesis has a location estimate of said identified mobile station derived using at least one initial 
location estimate, wherein said initial location estimate b generated by one of said plurality of location 
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between said identified mobile station and said network of base stations, 
(c2) said location hypothesis has a confidence value used (or indicating a likelihood of aid identified mobile station 
being at a location represented by said location estimate for said location hypothesis, wherein one of said 
prediction measurements is used in determining said confidence value; 
a roost likely mobile station location estimator for determining a most likely location estimate of said identified mobile station, 
said most likely location estimate being derived using location estimates and confidence values from location hypotheses of said 
plurality of said location hypotheses. 

56. A method as claimed in Claim 55, wherein said measurements are for wireless signals transmitted in a wireless signal protocol for 
voice communication between said identified mobile station and said network of base stations. 

57. A location system as claimed in Claim 55, wherein said means for constructing includes means for performing a mobile station 
location simulation using said stored data item collections for determining said prediction measurements. 

58. A location system as claimed in Claim 55, wherein said means for determining includes a means for deriving the location estimate 
of one of said location hypotheses using a time series of location estimates for said identified mobile station. 

59. A location system as claimed in Claim 55, further including: 

a storage means for storing a population of representations for values of a collection of system parameters of said location 
system, wherein said parameters affect a performance of said location system in locating mobile stations; 

an adaptive component for determining one or more of said representations whose values of said collection of system 
parameters enhance at least one of: a reGabifity and an accuracy of said location system in beating said mobile stations; 

wherein said adaptive component uses said plurafity of data hem collections for providing, for each version of said location 
system determined by different ones of said representations: 

(dl) wireless signal measurements from some of said data item collections as input to said version, and 
(d2) for each of said data item collections used as input in (dl), said corresponding geographical location for comparing 
with the corresponding most likely location estimate location output by said version, 

60. A location system as claimed in Claim 59, wherein said adaptive component includes a genetic algorithm embodiment 

61. A location system as claimed in Claim 55, wherein for at least a first and second of said plurality of location estimators, each of 
said first and second location estimators include one of the following: 

(el) an artificial neural network for use in generating said corresponding initial location estimates, wherein said artificial 
neural network is trained to recognize a pattern of characteristics of said signal measurements associated with a 
location from where one of said mobile stations is transmitting; 

(e2) a distance estimator for use in generating said corresponding initial location estimates, wherein said distance 
estimator determines one or more distances between one of said mobile stations and the base stations, and wherein 
signal timing measurements, obtained from wireless transmissions between said one mobile station and one or more 
of the base stations, are used for determining said one or more distances; 
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, , (e3) a statistical estimator for use in generating said corresponding initial location estimates^ wherein aid statistical ♦ 
estimator utilizes a statistical regression technique for correlating characteristics of measurements of wireless 
signals transmitted between one of said mobile stations and the base stations with a location for said one mobile 
station. 

62. A method for locating a mobile station by receiving wireless signal measurements of wireless signals transmitted between a 
plurality mobile stations and a network of base stations, wherein said base stations in the network are cooperatively linked for 
providing wireless communication, the improvement characterized by: 

providing a mobile station location estimator for estimating locations of said mobile stations, such that when aid location 
estimator is supplied with said measurements of wireless signals transmitted between one of the mobile stations and aid network of 
base stations, aid location estimator generates a initial location estimate of a geographical location of aid one mobile station; 

storing a plurality of data item collections, wherein for each of a plurality of geographical locations, there is one of said data 
hem collections having: (al ) a representation of the geographical location, and (a2) a representation of measurements of wireless 
signals transmitted between one of said mobile stations and the base stations when said one mobile station is approximately at the 
geographical location; 

determining, from aid initial location estimate, a corresponding adjusted location estimate as a function of historical initial 
location estimates generated by aid mobile station location estimator when supplied with aid signal measurements for 
representations of (a2) of aid data kern collections. 

63. A method as claimed in Claim 62, wherein aid step of determining includes the steps of: 

generating additional initial location estimates when aid mobile station location estimator is supplied with aid signal 
measurements for representations of (a2) for said data item collections; 

selecting aid additional initial location estimates that are within a determined distance of aid initial location estimate; ami 
deriving aid corresponding adjusted location estimate using aid geographical location representations of (al) for data item 
collections of a particular set of aid data item collections, wherein aid additional initial location estimates selected in aid step of 
selecting were generated from aid signal measurements for representations of (a2) for said data hern collections of aid particular 
set 

64. A method as claimed in Claim 62, wherein said geographical locations represented in (al) of aid data hem collections lave been 
verified. 

65. A method as claimed in Claim 62, wherein for each data hem collection in a set of at least some of said data hem collections, 
there is an associated confidence value used for indicating a consistency of the representation of (a2) for aid data item collection 
with the representation of (a2) for other of aid data hem collections whose geographical location representations (al) are within a 
determined maximum distance of aid geographical location representation of (al) for said data hem. 

66. A method as claimed in Claim 65 further including: 

a step of decreasing a confidence of a first data hem collection in aid set relative to a confidence for other of aid data item 
collections of aid set, when there is a deviation between the measurements of aid representation (a2) for aid data item collection, 
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aid deviation ii determined using a statistical measurement of deviation. 

67. A method as daimed in Claim 66, wherein said step of decreasing indudes comparing a time related measurement for said first 
data hem collection with a value used for identifying said data hem collections that have more recent representations (a2). 

68. A method as daimed in Claim 66, wherein said step of decreasing indudes computing said deviation by computing a statistical 
measurement of deviation. 

69. A method as claimed in Claim 68, wherein said statistical measurement indudes one of: a first, a second and a third onJer 
standard deviation. 

70. A method as daimed in Claim 66 further including a step of prohibiting said fim data hem collection from being used in said step 
of determining, when said confidence for said first data hem fa outside of a predetermined range. 

71. A method as daimed in Claim 62, wherein said mobile station location estimator activates an artificial neural network when 
generating sard initial location estimate. 

72. A location system for receiving wireless signal measurements of wireless signals transmitted between a plurality mobile stations 
anda network of base stations, wherein said base stations m the network are cooperatively linked for providing wireless 



a one or more location estimators for estimating locations of said mobile stations, such that when said location estimators are 
supplied with said measurements of wireless signals transmitted between one of the mobile stations and said network of base 
stations, said one or more location estimators generate initial location estimates, wherein for a particular one of said mobile stations 
at a particular geographical location, at least first and second initial location estimates are generated; 

a means for generating, for said first and second initial location estimates, first and second adjusted location estimates 
respectively, wherein: 

(al) said first adjusted nation estimate has a corresponding confidence value indicative of a likelihood of the particular 

geographical location being at a location represented by the first adjusted location estimate, 
(a2) said first adjusted (oration estimate is a function of other initial location estimates generated by said location 

estimator that generated said first initial location estimate, 
(a3) said second adjusted location estimate has a corresponding confidence value indicative of a likelihood of the 

particular geographical location being at a location represented by the second adjusted location estimate, and 
(a4) said second adjusted nation estimate ha function of other initial nation estimates generated by said nation 
estimator that generated said second initial notion estimate; 
a most likely estimator for determining a most likely notion estimate of the particular geographical nation of the particular 
mobile station, said most likely notion estimate being derived using said first and second adjusted notion estimates and their 
corresponding confidence values. 

7U motion system, asdaimed in Claim 72 further indudtng an aithive for stonng a pluralhy of data item collections for 
determining measurements related to a past performance of said corresponding notion estimator generating said first initial 
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location estimate, wherein for each of a plurality geographical locations, there is a corresponding one of said data item collections 
having a representation of the geographical location and a representation of measurement of wireless signals transmitted between 
said particular mobile stations and the base stations. 
5 74* A location system, as claimed in Claim 73, wherein said means for generating includes a means for constructing said 

measurements, wherein said measurements include values related to a predictiveness of a collection of mappings between: (a) a 
duster of initial location estimates, determined by said corresponding location estimator, for one or more of the mobile stations at a 
plurality of geographical locations, and (b) a corresponding representation of an actual mobile station location for each of the initial 
location estimates in said duster. 

10 75. A location system, as claimed in Claim 74, wherein said duster of initial location estimates are within a predetermined distance of 
said first initial location estimate. 

76. A location system, as claimed ht Claim 74, wherein said measurements are dependent on a density of said corresponding 
representations of actual mobile station locations for the initial location estimates in said cluster. 

77. A location system, as claimed in Claim 74, wherein said measurements are dependent on a size of an area containing said mobile 
15 station locations of said corresponding representations of actual mobile station locations for the initial location estimates in said 

duster. 

78. A location system, as claimed in Claim 72, wherein said corresponding confidence value for said first adjusted location estimate 
indicates a likelihood of said particular mobile station being outside of an area for said first adjusted location estimate. 

79. A location system, as claimed in Qaim 72 further induding a means for partitioning a wireless coverage area having said first and 
20 second adjusted location estimates into subareas, each subarea having expected simitar measurements of wireless signals transmitted 

between one of said mobile stations in the subarea and the network of base stations. 

80. A location system, as claimed in Qaim 72, further including a means for partitioning a wireless coverage area into subareas, 
wherein each subarea has a corresponding area type characterized by wireless signal transmission characteristics between locations in 
said subarea and the base stations of said network. 

25 81. A location system, as claimed in Claim 72, wherein said one or more mobile station location estimators indude one or more of: a 
triangulation mobile station estimator, a trituration mobile station estimator, a trainable mobile station estimator, a statistical 
mobile station estimator. 

81 A location system, as claimed in Claim 81 , wherein said triangulation mobile station estimator triangulates using one of : a signal 
time of arrival, and a signal strength between the associated mobile station and each of three of said base stations. 
30 83. A location system for wireless mobile stations, as daimed in Claim 8 1 , wherein said trilateration mobile station estimator 
trilaterates using a signal time difference of arrival between the associated mobile station and each of three of said base stations. 

84. A location system, as daimed in Qaim 81, wherein trainable mobile station estimator includes an artificial neural network 

85. A location system, as claimed in Qaim 72, wherein said one or more location estimators receives input from a mobile base station. 
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862 A location system, as chimed in Claim 72, wherein said means for generating includes a simulation means for determining* r v 
predictivene jj of said location estimator that generates said first initial location estimate. 

87. A location system, as chimed in Claim 86, wherein said simulation means includes a statistical simulation for predicting said 
confidence value said first adjusted location estimate. 

88. A location system for wireless mobile stations, as claimed in Oaini 87, wherein said statistical simulation includes a Monte Carlo 
simulation. 

89. A location system, as daimed in Claim 72, wherein, for deriving said most likely location estimate, said most likely estimator uses 
a probability density function for fuzzifying at least said confidence value for said first adjusted location estimate over an area 
outside of said first adjusted location estimate. 

90. A location system, as claimed in Claim 72, wherein for a first collection of alls of a cell mesh for the wireless coverage area, said 
most likely estimator includes means for determining a likelihood that said particular mobile station is in each cell of said first 
collection. 

91. A location system for wireless mobile stations, as claimed Hi Cbim 90, wherein boundaries between ceBs said cell mesh are 
substantially coincident with boundaries of a wireless signal area type categorization. 

92. A location system for receiving wireless signal measurements of wireless signals transmitted between a plurality mobile stations 
and a network of base stations, wherein said base stations in the network are cooperatively linked for providing wireless 
communication, the improvement characterized by: 

an archive for storing a plurality of data item collections, wherein for each location of a plurality geographical locations, there 
is one of said data item collections having (al) and (a2): 

(al) a representation of the geographical location, 

(a2) a set of said wireless signal measurements corresponding to one of said mobile stations transmitting from 
approximately the geographical location 
a trainable location estimator for generating a geographical location estimate of one of said mobile stations when said 
trainable estimator is supplied with said measurements of wireless signals transmitted between one of said mobile stations and the 
network of base stations, wherein said trainable location estimator teams by associating, for each of at least some of said data item 
collections, said geographical location representation (al) of the data hem collection with said set of said wireless signal 
measurements (a2) of the data item collection. 

93. A location system, as claimed in Claim 92, wherein said trainable location estimator includes a pattern recognition component for 
recognizing patterns in said wireless signal measurements (a2) for data item collections in an area of a wireless coverage area, 
wherein said area is determined using said geographical location representations (al) of said data item collections that have for each 
of their sets of said wireless signal measurements (a2), wireless signal measurements from a same group of said base stations. 

94. A location system, as claimed in Claim 92, wherein said trainable location estimator includes an artificial neural network. 

95. A method as daimed in Claim 94, further induding a different trainable location estimator utilizing a different artificial neural 
network for generating a different geographical location estimate of said one mobile station. 
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96. A method acclaimed in Claim 94, wherein said artificial mural is one of: a multilayer perteptron, an adaptive resonant* theory - 
model, and radial basis function network. 

97. A location system as chimed in Claim 92, wherein said trainable location estimator utilizes an artificial neural network with input 
neurons for receiving wireless signal time delay measurements of signal strength as said measurements of wireless signal 
transmissions between said one mobile station and a first collection of base stations from said network. 

98. A method as claimed in Claim 97, wherein for each base station in said first collection, said wireless transmissions between the 
base station and said one mobile station are detected by one of: the base station and said one mobile station. 

99. A method as claimed in Claim 92, wherein said trainable location estimator utilizes an artificial neural network with input 
neurons for receiving data related to wireless transmissions between said one mobfle station and a set of one or more of said base 
stations, wherein for each base station in said set, there is at least one said input neuron for receiving one or more values indicative of 
at least one of the following conditions: 

(a) the base station b active for wireless communication with said one mobile station and a pibt signal by the base station 

is detected by the one mobile station; 

(b) the base station is active for wireless communication with said one mobile station and the base station detects wireless 

transmissions by said one mobile station; 

(c) the base station is active for wireless communication with .said one mobile station and the base station does not detect 

wireless transmissions by said one mobile station; 

(d) the base station is active for wireless communication with said one mobile station and said one mobile station does not 

detect wireless transmissions by the base station; 

(e) the base station is not active for wireless communication with said one mobile station. 

100. A location system, as claimed in Claim 92, wherein for at least some of said data item collections, each data hem collection 
additionally includes at least some of the following: 

(a) at least one of a make and model of a particular mobile station used in obtaining said representation of (a2); 

(b) an identification of at feast one of said base stations used in obtaining the representation of (a2); 

(c) a value indicative of whether the representation of (al) has been verified as an accurate geographical location 

estimate of the particular mobile station; 
(de) a value indicative of how consistent the representation of (a2) is with the representations of (a2) for other of said 
data item collections; 

(e) timestamp data indicative of approximately when the measurements of wireless signals for the representation of (a2) 

were received by one: the network and said location system; 

(f) power level data related to one or more power levels of said at least one of said base stations used in obtaining said 

measurements for the representation of (a2) for the data item collection; 

(g) power level data related to the power level of the particular mobile station when said wireless signals, for 

measurements of the representation of (a2) for the data item collection, were transmitted. 
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101. A location system f?r iro^mg wirejess signal measurepnts of wmless signab tnwwnted between a plurality mobile stations 
and a network of base stations, wherein said base stations in the network are cooperatively linked for providing wireless 
communication, the improvement characterized by. 

a plurality of mobile station location estimators for estimating locations of said mobile stations, such that when said location 
estimators are supplied with said measurements of wireless signals transmitted between one of the mobile stations and said network 
of lose stations, said location estimators output corresponding initial location estimates of a geographical location of said one mobile 
nation, wherein at least two of said mobile station location estimators of said plurality of mobile station location estimators include a 
different one of the following (a) through (f): 

(a) a pattern recognition component for estimating a location of said one mobile station from a pattern in the wireless 

signal measurements of transmissions between the network and said one mobile station; 

(b) a trainable mobile station location estimating component for estimating a location of said one mobile station, 
wherein said trainable mobile station location estimating component fa capable of being trained to associate: (i) 
each location of a plurality of geographical locations with (ii) corresponding measurements of wireless signals 
transmitted between a specified one of said mobile stations and the network, wherein said specified mobile station is 
approximately at the location,' 

(c) a trianguhtion component for estimating a location of said one mobile station, wherein said triangubtion component 

utilizes said measurements of wireless signals between said one mobile station and three of the base stations for 
triangulating a location estimate of said one mobile station; 

(d) a statistical component utilizing a statistical regression technique for estimating a location of said one mobile station; 

(e) a mobile base station component for estimating a location of said one mobile station, wherein said mobile base 

station component utifizes location information received from a mobile base station that detects said one mobile 
station; 

(f) a negative logic component for estimating an area of where said one mobile station is unlikely to be located; and 
a most likely estimator for determining a most likely location estimate of said one mobile station, said most likely location 

estimate being a function of said plurality of location estimates. 

101 A location system, as claimed in Claim 101, wherein at least one of said mobile station location estimators is activated by an 
expert system. 

103 A location syrom, as claimed in Cbiin 101, wherein one or more of said mobile station location estimaton are capable of being at 
least one of: added, replaced and deleted by Internet transmissions between said location system and a site remote from location 
system. 

104. A location system for receiving wireless signal measurements of wireless signals transmitted between a plurality mobile stations 
and a network of base stations, wherein said base stations in the network are cooperatively linked for providing wireless 
communication, the improvement characterized by: 
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a mobile Elation loatioo providing means ior estinoting locations of »id mobile statmm, such that when said providing^ - 
means is supplied with said measurements of wireless signals transmitted between a particular one of the mobile stations and said 
network of base stations, said providing means determines a first collection of one or more location estimates for said particular 
mobile station; 

an expert system for activating expert system rules for one of: (a) modifying one of said location estimates of said first 
collection, and (b) obtaining additional location estimates of the particular location; 

a most likely estimator for determining a most likely location estimate of the particular location, said most likely location 
estimate being a function of one or more loatmn estimates provided by said expert system. 

105. A location system, as claimed in Claim 104, wherein said expert system includes expert system rules for modifying a value 
indicating a confidence in said particular mobile station being at a location represented by one of said location estimates 

106. A mobile location system for locating wireless mobile stations that communion with a plurality of networked base stations, 
comprising: 

a wireless transceiver means: (a) for at least detecting a direction of wifeless signab tnmmhxsd fromawireless mobile 
station, and (b) for comrmiroating with said networked base stations information related to a location of said wireless mobile 
15 station; 

a means for detecting whether a detected wireless signal from said mobile station has been one of: reflected and deflected: 
a means for estimating a location said mobile station by using wireless signals transmitted from said mobile station that are 
not detected by said means for detecting as one of: reflected and deflected. 

107. A mobile location system as chimed in Oaim 106, wherein said means for detecting indndes a means for comparing: (a) a 
distance of said mobile station from said mobile location system using a signal strength of said wireless signals from said mobile 
station, and (b) a distance of said mobile station from said mobile location system using a signal time delay measurement of wireless 
signal from said mobile station. 

108. A mobile location system as claimed in Oaim 106, further including 
one or more location estimators for estimating a locat ion of said mobile location system, wherein said at hast one of said 

location estimators uses wireless signals transmitted from one of: said networked base stations and a global positioning system. 

109. A mobile location system as chimed in Oaim 108, further including 

a deadreckoning means for estimating a change in a location of said mobile location system, wherein said deadreckoning 
means provides incremental updates to aid one or more location estimates of said mobile location system output by said at least one 
location estimator. 

30 1 10. A mobile location system as chimed in Oaim 106, wherein said wireless transceiver means includes one of a directional antenna 
and a sectored antenna. 

1 1 1. A mobile location system as claimed in Oaim 106. wherein said means for estimating includes a means for snapping an estimated 

location of said mobile station to a vehicle traffic route. 

I II A method for bating a wireless mobile station, comprising: 
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r, ■*.« MW*m «.^»*W^WW l^n hypotheses of a locatbji of a [ttitkiihrmobite station, wherein, for, 
each of said collections, said one or more location hypotheses of said collection are obtained using measurements of wireless signals 
transmitted between said particular mobile station and a network of base stations, wherein said wireless signals are transmitted 
during a time interval different from any other time interval for transmitting wireless signals whose measurements are used for 
obtaining said location hypotheses for a different one of said collections, and wherein each said location hypothesis of each said 
collection provides access to the following attributes: 

(a) an estimate of the location of said particular mobile station, 

(b) time related data for determining a measurement of time since the wireless signals, upon which said location estimate of 

the location hypothesis, were transmitted, 

(c) a confidence providing a measurement of a likelihood that said particular mobile station is at a location represented by 

said location estimate attribute of said location hypothesis; 

constructing one or more derived location hypotheses, wherein each said derived location hypothesis also has said attributes 
(a) through (c), and wherein at least one of said attributes, for each of said derived location hypotheses, is determined using said 
attributes of said location hypotheses of said collections; 

estimating a location of said particular mobile station using said one or more derived location hypotheses. 

1 13. A method as claimed in Claim 1 1 2, wherein said step of constructing includes deriving a value for said location estimate attribute 
of one of said derived location hypotheses by using said location estimate attributes of location hypotheses in said one or more 
collections. 

1 14. A method as claimed in Claim 1 13, wherein said deriving includes extrapolating said location estimate of said one derived 
location hypothesis from said location estimate attributes of location hypotheses in said one or more collections. 

1 15. A method as claimed in Claim 1 12, wherein said step of constructing includes inserting said location hypotheses of said collections 
into one of: an expert system fact base, and a blackboard run-time storage. 

1 16. A method for locating a wireless mobile station, comprising: 

providing at bast a first location estimator for estimating locations of a plurality of wireless mobile stations, wherein said first 
location estimator receives as input wireless signal measurements of wireless signals transmitted between said plurality mobile 
stations and a network of base stations, wherein for said network, said base stations in the network are cooperatively linked for 
providing wireless communication; 

storing a plurality of data item collections, wherein for each of a plurality locations, there is one of said data item collections 
having: (a) a representation of the location, and (b) said wireless signal measurements corresponding to one of said mobile stations 
transmitting from approximately the location; 

activating said first location estimator with said wireless signal measurements of said data item collections for obtaining 
corresponding mobile station location estimates; 
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predicthreness of a collection of mappings between: (a) said corresponding mobile station location estimates, and (b) for each said 
corresponding mobile station location estimate, a corresponding verified mobile station location; 

generating, by said first location estimator, a first initial location estimate from wireless signal measurements of wireless signals 
from transmissions between a first of said mobile stations and the base stations, wherein a (oration of said first mobile station is 
unknown; 

obtaining an adjusted location estimate nf said first mobile station, wherein aid adjusted location estimate is obtained by using 
a subcollection of said mappings in a neighborhood of said first initial location estimate; 

determining a confidence value related to a likelihood of said first mobile station being at a location represented by aid 
adjusted location estimate, wherein said confidence is a function of at least one measurement in said first set of measurements. 

1 17. A method as claimed in Claim 1 16, wherein said step of constructing includes simulating locating one of said mobile stations 
using said corresponding mobile station location estimates and said corresponding verified mobile station locations. 

1 18. A method as claimed in Claim 1 17, wherein said step of simulating includes performing a Nome Carlo simulation. 

1 19. A method for locating wireless mobile stations from measurements of wireless signals transmitted between the mobile stations 
and a network of base stations, wherein for said network, said base stations in the network are cooperatively linked for providing 
wireless communication, comprising: 

storing a plurality of data item collections, wherein for each of a plurality locations, there is one of said data item collections 
having: (a) a representation of the location, and (b) said wireless signal measurements corresponding to one of said mobile stations 
transmitting from approximately the location, wherein said wireless signal measurements are acceptable as input to a wireless 
mobile station location system; 

determining a collection of parameters of said wireless mobile station location system that affect a performance of said wireless 
mobile station location system in locating mobile stations; 

providing a population of representations for values of said collection of parameters to an adaptation component, wherein said 
adaptation component (a) generates, for said representations, configurations of said wireless mobile station location system, each 
said configuration corresponding to the values of one of said representations, and (b) determines, foreach of at least some of said 
configurations, a location predicting performance using said plurality of data items for providing wireless signal measurements as 
input and said representations of locations for comparing with mobile station location outputs by the configuration; 

determining a first of said configurations that an enhanced performance of said wireless mobile station location system; 

using said first configuration forderivinga location estimate of a first one said mobile station, wherein said fint configuration 
is provides with wireless signal measurements of wireless signals from transmissions between said fint mobile station and the base 
stations, and wherein a location of said first mobile station is unknown. 

120. A method as claimed in Claim A9. wherein said adaptation component includes a genetic algorithm embodiment. 

121. A method for locating a wireless mobile station, comprising: 
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llurality of location estimates of a mpbfestaljpn, whereijc (a) said tocatipn estiirates are derived frora t wireles$ . 



signal measurements of wireless signals transmitted between the mobile station and a network of base stations, wherein for said 



between said mobile station and the network of base stations; 

deriving at least one derived location estimate of said mobile station that is different from said plurality of location estimates, 
said derived location estimate obtained using one or more measurements of a behavior of said time ordered location estimates; 
assigning a likelihood value that said mobile station is at location represented by said additional location estimate as a function 
10 of a distance between said additional location and said derived location estimate. 

121 A method as claimed in Claim 121, wherein said measurements determine at least one of: a speed of said mobile station, a 
direction of said mobile station, a change in speed of said mobile station, and a change in direction of said mobile station. 

123. A method as claimed in Claim 121 further including a step of assigning a likelihood value to said derived location estimate as a 
function of a characteristic of an environment of an area containing said plurality of location estimates, wherein said characteristic is 

15 expected to affect the behavior of said time ordered location estimates. 

124. A method as claimed in Claim 123, wherein said characteristic is one of: a traffic route, a waterway, an abrupt change in 
elevation, a weather condition, a density of buildings having a predetermined height 
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network, said base stations in the network are cooperatively linked for providing wireless communication, (b) said location estimates 
are time ordered; 

obtaining an additional location estimate of said mobile station using additional wireless signal measurements transmitted 
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a1=F1(W1*p+b1) a2=F2(W2*a1+b2) 



Figure 14: Neural Network Architecture: 2 of 3 Layers shown 
(Dense Urban Canyon) 
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UPDATE_L0C_S1G_DB(NEW_L0C_0BJ. SELECTION_CRITERIA. L0C_SIG_P0P) 
^ START ^ 

IS "NEW_LOC_OBJ" IN THE LOCATION 
SIGNATURE DATA BASE? DB 

N^ns ; » ^ 



100 DB 



YES 



108 DB 



INSERT "NEW LOC OBJ" IN THE 
LOCATION SIGNATURE 
DATA BASE 1320. 



I 



DB_SEARCH_AREA 1*- GET A REPRESENTATION OF 
A GEOGRAPHICAL AREA SURROUNDING 
THE LOCATION ASSOCIATED WITH 
"NEW LOC OBJ". 



112 DB 



116DB 



DB_LOC_SIGS^-GET ALL THE LOC SIGS IN THE 
LOCATION SIGNATURE DATA BASE THAT 
SATISFY THE CRITERIA OF 
"SELECTION_CRJTERIA u AND THAT ARE 
ALSO IN "DB SEARCH AREA1". 



NEARBY_LOC_SIG_BAG— GET THE LOC SIGS FROM 
"DB_LOC_SIGS", WHEREIN FOR EACH LOC SIG 
GOTTEN, THE DISTANCE BETWEEN THE 
LOCATION ASSOCIATED WITH THE LOC SIG GOTTEN 
AND THE LOCATION ASSOCIATED WITH 
"NEW_LOC_OBJ" IS CLOSER THAN, EG., 
SOME STANDARD DEVIATION (SUCH AS A 
SECOND STANDARD DEVIATION) OF THE 
DISTANCES BETWEEN LOC SIGS OF "DB_LOC_SIGS" 
AND "NEW LOC OBJ". 



LOCSIG-— GET THE FIRST (NEXT) LOC SIG IN 
"NEARBY LOC SIG BAG". 



120 DB 



FIG. 17A 
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124 DB 



\ 



LOO— A REPRESENTATION OF THE 
LOCATION ASSOCIATED WITH 
"LOC SIG". 



JL 



128 DB 



BS —GET THE BASE STATION 122 ASSOCIATED WITH 

"LOC SIG". 



± 



MARK "LOC_SIG" SO THAT IT CANNOT BE RETRIEVED 
FROM THE LOCATION SIGNATURE DATA BASE. 



132 DB 



DB_SEARCH_AREA2— GET A REPRESENTATION OF A 
GEOGRAPHICAL SERVICE AREA ABOUT LOC SIG 
INCLUDING "NEW LOC OBJ". 



136 DB 

V 



± 



138 DB 



LOC_SIG_BAG— CREATE LOC SIG BAG DATA STRUCTURE 
HAVING ONLY THE SINGLE ITEM, "LOC_SIG". 



INVOKE THE PROGRAM, 

"DETERMINE J£>CATION_SIGNATURE_FIT_ERRORS" FOR 
DETERMINING AN ERROR IN HOW SIMILAR "LOC.SIG" IS WITH 
OTHER VERIFIED LOC SIGS IN THE LOCATION SIGNATURE 
DATA BASE. IN PARTICULAR. INVOKE THIS PROGRAM WITH 
THE FOLLOWING PARAMETERS: 

(A) "LOC"; 

(B) "LOC_SIG BAG"; 

(C) "DB_SEARCH_AREA2"; 

(D) "LOC_SIG_POP" FOR INDICATING THE VERIFIED LOC 
SIGS IN THE LOCATION SIGNATURE DATA BASE TO 
WHICH "LOC_SIG" IS TO BE COMPARED- 

(E) AN INDICATION OF THE OUTPUT DESIRED WHICH 
IN THIS CASE, IS AN ERROR RECORD RELATED TO 
"LOC SIG". 



140 DB 



A 

144 DB 



UN MARK "LOC_SIG" SO THAT IT CAN BE 
RETRIEVED FROM THE LOCATION 
SIGNATURE DATA BASE. 



FIG. 17B 
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YES 



IS THERE ANOTHER LOC SIG 
IN "NEARBY_LOC_SIG_BAG"? 

148 DB 

NO 



152 DB 



Z. 



ERROR_R£C_SET -*—THE SET OF ALL ERRORS RETURNED. 



INVOKE THE PROGRAM, 

"REDUCE_BAD_DB_LOC_SIGS". FOR REDUCING 
THE CONFIDENCE OF THE LOC SIGS WHOSE 
CORRESPONDING ERRORS ARE RELATIVELY HIGH. 
ALSO, DELETE ANY LOC SIG WHOSE CONFIDENCE 
BECOMES TOO LOW. 



156 DB 



INVOKE THE PROGRAM, 

"INCREASE_CONFIDENCE_OF_GOOD_DB_LOC_SIGS*\FOR 
INCREASING THE CONFIDENCE OF THE LOC SIGS 
WHOSE CORRESPONDING ERRORS ARE RELATIVELY 
LOW. 



( END ^ 



\ 



160 DB 



FIG. 17C 
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ESTIMATE_LOC_SIG_FRQM_DB (LOC_FOR_ ESTIMATION, BS, BS_SIG_BAG) 

( START } 

1^ 



APPLY PRE-PROCESING CONSTRAINTS TO ACCOUNT FOR 
DISCREPANCIES BETWEEN (a) CURRENT 
CONDITIONS, AND (b) PAST CONDITIONS WHEN 
THE VERIFIED LOC SIGS OF "LOC_SIG_BAG" WERE 
COLLECTED; i.e., APPLY CONSTRAINTS TO TAKE 
INTO ACCONT ADDITIONAL KNOWLEDGE 
REGARDING DISTINCTIONS BETWEEN THE 
CONDITIONS RELATED TO THE PRESENT WIRELESS 
ENVIRONMENT, TYPE AND STATUS OF THE BASE 
STATION OF "BS" IN COMPARISON TO THE 
CONDITIONS OCCURRING FOR THE LOC SIGS OF 
"LOCSIG BAG" 



DID THE PRE-PROCESSING CONSTRAINTS YIELD A RESULT 

k?!m1tp ZJ^l^ Y SUBS£ QUENTLY DERIVED LOC SIG 
ESTIMATE WOULD BE EXCESSIVELY UNRELIABLE? 




YES 



FOR EACH OF THE LOC SIG SIGNAL 
TOPOGRAPHY CHARACTERISTICS, C, OF A LOC 
SIG VARIABLE, "EST_LOC_SIG", 

(A) DETERMINE A SMOOTH SURFACE 
S(C), OF MINIMAL CONTOUR 
VARIATION FOR THE SET OF POINTS 
{(X,Y,Z) SUCH THAT (X,Y) IS A 
LOCATION AND Z IS A VALUE OF C AT 
THE LOCATION (X,Y) FOR SOME LOC 
SIG IN "LOC_SIG_BAG w }; 

(B) INTERPOLATE/EXTRAPOLATE A 
VALUE FOR THE C-COORDINATE OF 
"ESTLOC_SIG" AT THE LOCATION 
"LOC_FOR_ESTIMATION" 



C 



RETURN 



/ RETURN 
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get area to search (loc) 
(Ttart^) 



LOC_AREA_TYPE^— GET THE AR EA TYPE(S) FOR "LOC" 

SEARCH_AREA^ GET A DEFAULT MAXIMUM SEARCH AREA 
HAVING "LOC" 



| SAVED_SEARCH_AREA**— SEARCH AREA 



SEARCH_AREA_TYPES"*~ GET THE (FUZZY LOGIC) AREA 

TYPE(S) FOR "SEARCH AREA" 



MINACCEPTABLE NBR_LOC_SIGS-«-0 [ 



3 



AREA TYPE-*— GET FIRST 
(NEXT) AREA TYPE IN 
"SEARCH AREA TYPES" 



YES 



DOES "AREA_TYPE" REFERENCE 
NEW AREA TYPE? 



NO 



TOTAL_ NBR_LOC_SIGS-*-THE 
NUMBER OF 
VERIFIED LOC SIGSIN 
THE LOCATION 
SIGNATURE DATA BASE 
1320 HAVING A LOCATION 
(THE "MS_LOC" 
ATTRIBUTE) IN 
"SEARCH AREA" 



YES 



O 



IS "MIN_ACCEPTABLE_NBR_LOC SIGS" 
> "TOTAL_NBR_LOC_SIGS"? 



NO 



RETURN 
"SAVED SEARCHED AREA 



7) 



FTG. 22A 
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i 



SA VED SEARCH AREA-*- SEARCH AREA 



SEARCHAREA-*— GET A 
SMALLER AREA FOR 
"SEARCHAREA", 
WHEREIN THIS SMALLER 
AREA STILL CONTAINS "LOG 



AREA_PERCENT*— PERCENTAGE OF AREA FOR 
"SEARCH AREA" THAT IS OF THE TYPE 
"AREA_TYPE", OR, USING FUZZY LOGIC 

HA VING A FUZZY VALUE ABOVE A 
PREDETERMINED THRESHOLD 



MIN_ACCEPTABLE_NBR_LOC_SIGS 

MIN_ACCEPTABLE_NBR_LOC_SIGS + 
[(MINIMUM ACCEPTABLE VERIFIED LOC SIG DENSITY 
FOR "AREA TYPE") * (SIZEOF(SEARCH AREA) • 
(AREA_PERCENT / 100)] " 



FIG. 22B 
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GET_DIFFERENCE_MEASUREMENT(TARGET LOC SIG 
ESTIMATEDLOC_S!G, COMPARISON_LOC_SIG JJAG, SEARCH AREA 
SEARCHCRITERIA) 



FILTER_BAG <- GET A COLLECTION OF FILTER OBJECTS FROM 
THE SIGNAL PROCESSING SUBSYSTEM 1220 FOR 
TRANSFORMING THE "TARGET_LOC_SIG'\ 
"ESTIMATED_LOC_SIG'\ AND THE LOC SIGS OF 
"COMPARISON,LOC_SIG_BAG" INTO LOC SIGS HAVING 
COMPARABLE ATTRIBUTES; i.e., WHEREI N THE LOC SIGS 
CAN BE CONSIDERED AS BEING OBTAINED FROM THE SAME 
TYPE OF MS 140. 



APPLY EACH FILTER IN M FILTER_BAG" AS NEEDED TO THE LOC 
SIGS "TARGET_LOC_SIG'\ "ESTIMATED_LOC_SlG'\ AND THE 
LOC SIGS OF "COMPARISONLOC SIG'\ 



C <- GET THE FIRST (NEXT) LOC SIG SIGNAL TOPOGRAPHY 
CHARACTERISTIC COORDINATE (AS IS, FOR EXAMPLE, 
DESCRIBED IN (25.7) OF THE SPECIFICATION). 



VARIABILITY^MEASMT.yAL <- GET A STATISTIC 

MEASURING THE RANGE IN VARIABILITY OF THE "CT 
COORDINATE OVER THE POPULATION OF LOC SIGS 
IN "COMPARISONLOC SIGJ3AG" 




NO 




WAS A NEW M C" OBTAINED? 



YES 




IS THE NUMBER OF LOC SIGS IN 
"COMPARISON_LOC_SIGjBAG" < AN 
EXPECTED MINIMUM THRESHOLD FOR 
A SERVICE AREA CHARACTERIZED BY 
"SEARCH_AREA" AND 
^SEARCHCRITERIA"? 
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VARIABlLITY_MEASMT_CONF_REDUCTION_FACTOR «- 1 .0 



DETERMINE A MEASUREMENT OF THE CONFIDENCE THAT CAN 
BE PLACED IN "ERROR_REC.ERROR**; e.g., 
ERRORJIEC.CONFIDENCE <- 
MIN(TARGET_LOC_SIG.CONFIDENCE, 
[(THE AVERAGE CONFIDENCE OF THE LOG SIGS IN 
"COMPARISON_LOC_SIGJBAG") * 

( VARJABI LITY_ME AS MTCONFREDUCTIONF ACTOR)]) 



RETURN (ERRORREC) 



DETERMINE A VALUE FOR REDUCING THE 
CONFIDENCE TO BE PLACED IN 
"VARJABILITY_MEASMT>VAL**; e.g., 
VA RJ ABIL1TY_MEA SMT_CONF_REDUCTION_FACTOR <- 
SIZEOF(CO MPAJ USON)JX)CSIG_BAO/ 
(THE EXPECTED MINIMUM THRESHOLD) 



DETERMINE A DIFFERENCE MEASUREMENT ("DELTA") IN THE 
"C" COORDINATE BETWEEN "TARGETLOCSIG" AND 
"ESTIMATED_LOC_SIG"; e.g., DELTA <- THE ABSOLUTE 
VALUE OF (TARGET_LOC_SIG[C] - ESTIMATEDJLOC_SIG[C]) 



ERROR +- ERROR + (DELTAA^ARIABILITY_MEASMT.VAL) 





IS DELTA > 

VARIABILITYMEASMT.VAL? 
YES 



FIG. 2 3B 
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204CA 



GET_ADJUSTED_LOC_HYP_LIST_FOR(LOC_HYP) 

FIG. 26A 



^ START ) 



LOC_H YP_UST-^ CREATE AN EMPTY NEW 

LOCATION HYPOTHESIS LIST AND PUT "LOC HYP" 
ON THIS LIST. - 



208CA 



212CA 



MESH— GET A MESH OF AREA CELLS RELATED TO THE 
FIRST ORDER MODEL THAT GENERATED "LOC_HYP" 



i 



PT_MIN_AREA-«— GET A "SMALL" AREA ABOUT AN 

ESTIMATED TARGET MS POINT LOCATION PROVIDED BY 
"LOC_HYP", WHEREIN THIS AREA INCLUDES ONE OR 
MORE MESH CELLS SURROUNDING THE TARGET MS 
POINT LOCATION. 



216CA 



^ INITIALIZE A VARIA BLE, "AREA", WITH TT_MIN_AREA". 1 

220 CA | 1 



PT_MAX_AREA— GET A MAXIMUM AREA ABOUT THE 

ESTIMATED TARGET MS POINT LOCATION PROVIDED BY 
"LOC HYP". 



MIN_CLUSTERS— GET THE MINIMUM NUMBER OF PREVIOUS 
MS 140 LOCATION ESTIMATES, L. THAT ARE DESIRED IN 
THE AREA, "AREA", FOR SUBSTANTIALLY 
RELYING ON HISTORICAL MS LOCATION DATA IN THE 
LOCATION SIGNATURE DATA BASE 1320 FOR ADJUSTING 
THE CONFIDENCE AND/OR THE TARGET MS ESTIMATED 
LOCATION, WHEREIN EACH SUCH MS ESTIMATE WAS 
GENERATED BY THE SAME FIRST ORDER MODEL THAT 
GENERATED "LOC HYP". 



220CA 



224CA 



1 



PT_EST_B AG GET THE MS POINT LOCATION ESTIMATES 
FOR EACH PREVIOUS MS LOCATION ESTIMATE L 
COUNTED IN THE PREVIOUS STEP 
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a 



_j 

WHILE THE NUMBER OF POINT LOCATION ESTIMATES IN 
"PT_EST_BAG" IS LESS THAN "MIN_CLUSTERS" AND "AREA- 
REPRESENTS AN AREA LESS THAN OR EQUAL TO 
"PT_MAX_ARE A" : (A) REPEATEDLY INCREASE "AREA"; 

(B) RECALCULATE "MIN_CLUSTERS" FOR 
"AREA" ACCORDING TO STEP 224CA; 

(C) RECALCULATE "PT_TEST_BAG" FOR 
"AREA" ACCORDING TO STEP 228CA. 



232CA 



f 1 



ASSIGN THE RESULTING VALUE FOR "AREA" AS THE VALUE FOR 
THE "PT_COVERING" ATTRIBUTE OF "LOC_HYP". 



236CA 



240CA 



252CA 



2l 




IS "PT_EST_BAG" 
EMPTY? 



YES (SO CANNOT 
ADJUST 
"LOCJHYP") 



DETERMINE THE VALUE, MIN{(SIZE OF 
(PT_EST_BAG)/MIN_CLUSTERS),l:0} AS 
A CONFIDENCE ADJUSTMENT 
COEFFICIENT; ASSIGN THIS VALUE TO 
THE PARAMETER 
"CLUSTER_RATIO FACTOR". 



256CA 



NO 




^244CA 



SET THE 
"IMAGEAREA" 
ATTRIBUTE OF 
"LOC HYP" TO NULL. 



C 



RETURN WITH 
'LOC HYP LIST* 



DOES "AREA" REPRESENT AN AREA LARGER 
THAN THE AREA FOR "PT MAX AREA"? 



3 



YES (SO "AREA" IS TOO BIG TO ENTIRELY 
IGNORE INITIAL MS LOCATION ESTIMATE AND 
CONFIDENCE). 



260CA 



248CA 



FIG. 26B 



NEW_LOC_HYP— CREATE A 

DUPLICATE OF "LOC_HYP" WITH THE 
"IMAGE AREA" ATTRIBUTE SET TO NULL, 
AND WITH THE CONFIDENCE VALUE 
LOWERED BY THE COEFFICIENT: 
(1.0 - CLUSTER_RATIO_F ACTOR). 



t 



t 
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I 1 - , 

| ADD "NEW_LOC_HYP" TO "LOC_HYP_LIST". | ^ 



264CA 



IMAGE_CLUSTER_SET*— GET THE VERIFIED LOCATION 
SIGNATURE CLUSTERS IN THE LOCATION 
SIGNATURE DATA BASE FOR WHICH THERE ARE MS 
POINT LOCATION ESTIMATES IN "PT EST BAG" 



h 



268CA 



IMAGE_AREA— - GET A "SMALL" AREA CONTAINING THE 
VERIFIED LOCATION SIGNATURES IN 
"IMAGE_CLUSTER_SET". 



276CA 



272CA 



ASSIGN THE VALUE OF "IMAGE_AREA" TO THE 
"IMAGE_AREA" ATTRIBUTE FIELD OF "LOC HYP" 



280CA 



CONFIDENCE— INVOKE THE FUNCTION, 

"CONFIDENCE_ADJUSTER". FOR DETERMINING A 
CONFIDENCE VALUE FOR THE TARGET MS BEING IN 
THE AREA FOR "IMAGE AREA". THE INVOCATION 
INPUT VALUES ARE: "LOC_HYP.FOM_ID" 
"IMAGE_AREA", "IMAGE CLUSTER SET" 



284CA 



ASSIGN THE VALUE OF: "CONFIDENCE* 
CLUSTER_RATIO_F ACTOR" TO THE "CONFIDENCE- 
ATTRIBUTE OF "LOC_HYP". 



288CA 




RETURN WITH 
"LOC HYP LIST" 



) 



FIG. 26C 
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